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IMPORTANT NOTICE 


The material presented in this publication has been prepared in accordance with 
generally recognized engineering principles and practices, and is for general information 
only. This information should not be used without first securing competent advice with 
respect to its suitability for any general or specific application. 


The contents of this publication are not intended to be and should not be construed to be 
a standard and are not intended for use as a reference in purchase specifications, contracts, — 
regulations, statutes, or any other legal document. 


No reference made in this publication to any specific method, product, process or 
service constitutes or implies an endorsement, recommendation, or warranty. 


PREFACE 


The development of this document began with a grant from the National Science 
Foundation with subsequent support from the Electric Power Research Institute and the 
National Institute of Standards and Technology. The technical content of the document has 
evolved as additional information has been gathered following damaging earthquakes. The 
lessons learned from the Northridge earthquake were particularly useful. 


Unlike the more frequent disasters that impact power systems, such as severe winds 
and ice storms, damaging earthquakes may not impact a utility during the entire working 
career of utility personnel in less seismically active areas. Further, many utilities in 
seismically vulnerable areas have not been subjected to a damaging earthquake since the 
introduction of modern power systems. Thus, there is little opportunity for a meaningful 
learning curve to develop within an organization. The Executive Order 12699 mandates 
that all federal organizations or organizations receiving federal fund must consider seismic 
vulnerability in the design and construction of their buildings. Under Executive Order 
12941 federal organizations or organizations receiving federal funds mandates that there be 
a review the seismic vulnerability of existing buildings. This guide has been written to 
address the need for practical guidance for improving earthquake performance of power 
facilities. 


A special effort has been made to have broad representation in the review of this 
document. Active participants of the review process included representatives from the most 
seismically aggressive utilities, investor owned, municipal, and federal power 
organizations, West Coast and Eastern utilities, engineer-architects and consultants who 
design power facilities. Members of the committee and organizations not represented on 
the committee were asked and participated in the review of the document. All individuals 
were asked to accept, accept with reservations, or reject the document on a mailed ballot 
and all accepted without reservations. 


Anshel J. Schiff 
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EXECUTIVE SUMMARY 


Recent moderate and strong California earthquakes have demonstrated that parts of 
power systems are very vulnerable to damage. Most damage has been due to the failure of 
porcelain elements in high voltage substation equipment. However, performance is 
strongly influenced by specific equipment designs and installation practices. There has also 
been damage to substation buildings, conductor support structures, cast aluminum 
hardware used on both low and high voltage equipment, equipment support structures, 
equipment anchorage, and parts of power generating stations. The performance of some 
communication and control systems has been impaired after earthquakes. 


Direct cost for repair and replacement of earthquake damage to power system facilities 
from the 1971 San Fernando (Magnitude Mw=6.6), the 1987 North Palm Springs 
(Magnitude My=6.1), the 1989 Loma Prieta (Magnitude My=6.9), and the 1994 
Northridge (Magnitude My=6.7) earthquakes was $45 million, $9 million, $100 million, 
$183 million, respectively. In spite of extensive equipment damage, system performance 
after these earthquakes has been good in terms of customer disruptions because of the high 
degree of redundancy incorporated into power systems. However, no major or great 
earthquake has struck a large metropolitan area. Past earthquake damage to equipment 
suggests that larger earthquakes, earthquakes that impact larger areas, or earthquakes that 
occur in regions where less stringent seismic design practices and more vulnerable 
equipment are used will have more extensive earthquake damage that could overwhelm 
system redundancies. As a result, unacceptably large direct losses, and lengthy disruption 
of service to the community and indirect losses borne by customers are likely. Improved 
installation practices and other mitigation measures, particularly for new construction and 
during refurbishment, that are cost-effective in any region with a history of significant 
earthquakes can be implemented to improve earthquake performance. 


The purpose of this guide is to document methods to improve the earthquake response 
of electric power systems. The major goals include: 


¢ Review how earthquakes affect power system facilities and equipment 


¢ Raise the awareness and understanding of the vulnerabilities of power system facilities 
and equipment by reviewing their earthquake performance 


¢ Suggest an overall approach to an earthquake mitigation program 
¢ Suggest earthquake preparedness techniques to improve post-earthquake response 


¢ Review design details that contributed to both good performance and failures in 
earthquakes 


¢ Provide insight into facility performance so that facilities can be evaluated to determine 
their earthquake vulnerability 


¢ Suggest hardware changes that can reduce earthquake damage to existing facilities 


¢ Suggest approaches for new construction that have been shown to reduce earthquake 
damage 


¢ Suggest earthquake emergency response procedures to reduce the disruption from 

damaged facilities 

This document deals with major power system elements—power generating stations, 
transmission and distribution lines, substations, system communications and control, and 
ancillary facilities and functions. The emphasis given to the various elements is strongly 
related to their earthquake performance. Thus, a large portion of the document is devoted 
to high voltage substations, as this is where most power system damage has been 
concentrated. In facilities where existing practices have performed well, such as 
transmission lines and power generating stations, recommendations will be limited to those 
areas where damage has been observed. 


Key findings of the document include: 
¢ It is vital to start an earthquake mitigation program 


¢ Cost-effective methods are available to improve the earthquake performance of power 
systems 


¢ Earthquake mitigation practices should be institutionalized by incorporating them into 
the utilities manual of practice 


¢ Most seismic upgrading of the utility will occur during normal refurbishment and new 
construction and may require a few decades to be fully implemented 


In most earthquakes it has been possible to bypass damaged equipment and continue to 
get power through or to route power around the damaged substation. There have been 
cases were an entire switchyard has been bypassed. Fortunately, when transformers have 
been damaged, there has been adequate capacity in alternate routes to maintain service. 
However, it is easy to envision damage, particularly to transformers, that could cause 
lengthy disruptions. The relatively short time to restore service in the face of extensive 
damage can be attributed to the high level of redundancy designed into power systems and 
the resourcefulness and dedication of utility maintenance personnel. 


Looking at a utility's response to moderate and strong earthquakes helps to put the 
recovery effort into perspective. In the 1986 North Palm Springs earthquake (Magnitude 
Mw=6.1), where a single substation was damaged, about 250 people worked 18 hour days 
for 3 days to clear damaged equipment from the site. About 180 people continued to work 
for about an additional 6 1/2-days to restore service to a critical line. This reconstruction 
was carried out by several crews working in parallel at all locations where possible, to 
reduce the disruption time. This damage occurred to a facility that used the then current and 
most stringent earthquake mitigation practices instituted after the 1971 San Fernando 
earthquake. After the Loma Prieta and Northridge earthquakes it took months to repair and 
replace damaged equipment, even though service was restored quickly. 


In light of the recent experience, many California utilities are reevaluating the 
vulnerability of their systems and are adopting measures to improve their system's 
response. While some of these measures would be difficult to justify in regions of lower 
risk, many things, particularly for new construction, can be done that are cost-effective in 
any region that has a history of significant earthquakes. It would be unfortunate if cost- 
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effective measures were not implemented, and utilities and the communities they serve were 
exposed to avoidable risks. 
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CHAPTER 1 
INTRODUCTION 


1.1 Background 


Recent moderate and strong California earthquakes have demonstrated that parts of 
power systems are very vulnerable to damage. While system performance has been good 
as measured by customer disruption, the damage pattern suggests that system performance 
will not be acceptable for larger earthquakes, for earthquakes that impact larger areas, or in 
regions of the country that use less stringent earthquake practices. Starting with the 1971 
San Fernando earthquake, there have been ten California earthquakes that have damaged 
power system facilities. Most of these small to moderate earthquakes have shaken 
relatively small areas so that damage has been concentrated and limited primarily to one or 
two facilities. The 1989 Loma Pmieta, California, earthquake affected a large area and three 
substations were severely damaged and the network in the region was disrupted. The 1994 
Northridge, California, earthquake also affected a large area and eleven power facilities 
were damaged; several experienced peak ground accelerations above 0.75 g. Earthquakes 
in Chile and Japan have also provided lessons that can be applied to United States facilities. 


Most damage has been due to the failure of porcelain elements in high voltage 
substation equipment. However, performance is strongly influenced by specific equipment 
designs and installation practices. There has also been damage to substation buildings, 
conductor support structures, cast aluminum hardware used on both low and high voltage 
equipment, equipment support structures, equipment anchorage, and parts of power 
generating stations. The performance of some communication and control systems has also 
been impaired after earthquakes. 


Direct costs of earthquakes for repair and replacement of damaged facilities have not 
been overwhelming in terms of utility assets, but are none-the-less significant. There were 
direct losses of about $45 million in the 1971 San Fernando earthquake (Magnitude 
Mw=6.6), $9 million in the 1986 North Palm Springs earthquake (Magnitude Mw=6.1), 
$100 million in the 1989 Loma Prieta earthquake (Magnitude Mw=6.9), and $183 million 
in the 1994 Northridge earthquake (Magnitude Mwy=6.7). Some smaller less costly 
earthquakes have been very disruptive. In the 1988 Tejon Ranch earthquake the California 
Aqueduct, which supplies water to the Los Angeles area, was shut down for four days; 
there is typically only a 15 day supply of water stored downstream of the point that was 
damaged. In the 1984 Morgan Hill earthquake one of the three Pacific Interties, major 
power circuits connecting the Northwest and the Southwest, was down for three days. 


In most earthquakes it has been possible to bypass damaged equipment and continue to 
receive power through or to route power around the damaged substation. There have been 
cases where an entire switchyard has been bypassed. Fortunately, when transformers have 
been damaged, there has been adequate capacity in alternate routes to maintain service. The 
relatively short time to restore service in the face of extensive damage can be attributed to 
the high level of redundancy designed into power systems and the resourcefulness and 


dedication of utility maintenance personnel. However, it is easy to envision damage, 
particularly to transformers, that could cause lengthy disruptions. 


Looking at a utility's response to moderate earthquakes helps put the recovery effort 
into perspective. In the 1986 North Palm Springs earthquake, about 250 people worked 18 
hour days for three days to clear damaged equipment from the site. About 180 people 
continued to work for about an additional 6 1/2-days to restore equipment and service to a 
critical line. This reconstruction was carried out by several crews working in parallel at all 
locations where possible, to reduce the disruption time. This damage occurred to a facility 
that used the then current and most stringent earthquake mitigation practices. After the 
Loma Prieta and Northridge earthquakes it took months to repair and replace damaged 
equipment, even though service was restored quickly. 


This experience suggests that larger earthquakes, earthquakes that impact larger areas, 
or earthquakes that occur in regions where less stringent seismic design practices and more 
vulnerable equipment are used will have more extensive earthquake damage that could 
overwhelm system redundancies. As a result, unacceptably large direct losses, indirect 
losses borne by customers, and lengthy disruption of service to the community are likely. 
In light of the recent experience, large California utilities are reevaluating the vulnerability 
of their systems and are adopting measures to improve their system's response. While 
many of these measures would be difficult to justify in regions of lower risk some things, 
particularly for new construction, can be done that are cost-effective in any region that has a 
history of significant earthquakes. It would be unfortunate if cost-effective measures were 
not implemented, and utilities and the communities they serve were exposed to avoidable 
risks. 


Much of the information on earthquake damage to power systems has been gathered by 
the Earthquake Investigation Committee of the Technical Council on Lifeline Earthquake 
Engineering. Members of the committee have investigated 11 United States and 5 foreign 
earthquakes that have damaged power system facilities including the 1985 Chile, 

1978 Sendai, Japan, 1988 Soviet Armenia, 1990 Philippines, and 1995 Kobe, Japan 
earthquakes. 


1.2. Purpose 


The purpose of this document is to improve the earthquake response of electric power 
systems. This is to be achieved by the following. 


¢ Review how earthquakes affect power system facilities and equipment. 


¢ Raise the awareness and understanding of the vulnerabilities of power system facilities 
and equipment by reviewing their earthquake performance. 


¢ Suggest an overall approach to an earthquake mitigation program. 
* Suggest earthquake preparedness techniques to improve post-earthquake response. 
* Review design details that contributed to failures or that performed well in earthquakes. 


* Provide insight into facility performance so that facilities could be evaluated to 
determine their earthquake vulnerability. 


« Suggest hardware changes that could reduce earthquake damage. 


¢ Suggest earthquake response procedures to reduce the disruption from damaged 
facilities. 


¢ Suggest approaches for new construction that have been shown to reduce earthquake 
damage. 


¢ Suggest earthquake response procedures to reduce the disruption from damaged 
facilities 


L3 Basis for Recommendations 


The recommendations in this document are primarily based on experience in California 
earthquakes and a few foreign earthquakes. Many of the recommendations have been 
drawn from innovations initiated by California utilities and their contributions are 
acknowledged. Because practices and equipment used in different parts of the United 
States vary, the effectiveness of some practices and equipment is unknown. Also, there 
may be differences in earthquakes and their effects in other parts of the country. For 
example, there are indications from records of small "Eastern" earthquakes that ground 
motions are richer in higher frequencies, which may result in differences in equipment 
performance. Also, it is known that larger areas in the midwest and southeast than in 
California are vulnerable to soil liquefaction. 


Some facilities have no significant earthquake experience. For example, there is no 
record of a coal-fueled power generating plant being subjected to a significant earthquake. 
There are no traditional coal-fired plants in California nor in the areas investigated after the 
1985 Chile, 1978 Sendai, Japan, or the 1995 Kobe, Japan, earthquakes. 


It is important to realize that the seismic design of power systems is a work in progress. 
Future earthquakes can be expected to suggest changes in practice as they have done in the 
past. 


[4% Scope 


This document deals with major power system elements—power generating stations, 
transmission and distribution lines, substations, system communications and control, and 
ancillary facilities and functions. The emphasis given to the various elements is strongly 
related to their earthquake performance. Thus, a large portion of the document is devoted 
to high voltage substations, as this is where most power system damage has been 
concentrated. Where existing practices, even though they may not be well defined, have 
performed well, as for example in power generating plants, recommendations will be 
limited to those areas where damage has been observed. 


This document is meant to identify practices that have yielded either good or poor 
performance and to suggest mitigation methods. Seismic design criteria are determined by 
the utilities. Guidance for design criteria for substation structures are contained in ASCE, 
"Substation Structure Design Guide" (currently being developed). The Institute of 
Electrical and Electronic Engineers (IEEE) Standard 693 - 1997, "Recommended Practices 
for Seismic Design of Substations" provides guidance for seismic qualification criteria and 


methods for substation equipment, which when given time for its recommendations to find 
their way into the field should improve the seismic performance of such equipment. 


1.5 Organization of the Document 


Chapter 2 describes the sources of earthquakes and their effects with an emphasis on 
power system impacts. Chapter 3 reviews the overall performance of power systems and 
power facilities. Chapter 4 describes approaches for improving the earthquake 
performance of power systems. Chapters 5 through 11 deal with detailed technical issues. 
These chapters have been organized so that recommended practices are presented at the 
beginning of the technical sections. The recommendations are divided into three groups: 
recommendations applicable to both renovating existing facilities and new construction, 
recommendations applicable primarily to the renovation of existing facilities, and 
recommendations applicable primarily to new construction. Material following the 
recommendations provides background for the recommendations. The discussion of the 
equipment and facilities in these chapters is typically divided into five topics. The five 
topics are: 1) Function and brief description of equipment, 2) The earthquake performance, 
3) Emergency operation procedures used to mitigate damage, 4) Retrofit and mitigation 
methods for existing facilities, and 5) Methods for new construction. Chapters 5 through 
11 deal with the following topics: substations, transmission and distribution line networks, 
power generating stations, system control, communication system facilities, and specialized 
facilities and ancillary facilities and functions. Appendix A contains information on the 
Modified Mercalli Intensity Scale, which is used to characterize the severity of an 
earthquake at a specific location. Appendix B discusses soil-structure interaction. 
Appendix C describes substation bus configurations. Appendix D contains references cited 
in the document. Appendix E contains further references that provide additional 
information about earthquake effects on power systems. Appendix F contains a list of 
TCLEE publications. Appendix G contains a list of TCLEE monographs. 


CHAPTER 2 
EARTHQUAKES - SOURCES AND EFFECTS 


RECOMMENDATION 


Strong-motion accelographs should be installed and maintained at important 
facilities so that ground motion at the site can be properly characterized. (2.3.1) 


2n Sources of Earthquakes 


The crust of the earth, i.e., the solid part near the earth's surface, is made up of large 
plates. These plates, for reasons not completely understood, are moving slowly relative to 
each other. Most earthquakes can be traced to the boundaries between these plates. In 
some cases, such as along the southern part of the San Andreas Fault in California, the two 
plates are slipping relative to each other, parallel to the fault in a horizontal plane. In other 
locations, such as the Aleutian Island Arc in Alaska and along the coast north of Eureka, 
California, one plate is slipping beneath the other (subduction zone). Figure 2.1 is a map 
that shows earthquake locations. The plate boundaries are clearly indicated by the 
clustering of earthquakes. Earthquakes also occur away from the plate boundaries, because 
forces between the plates at the boundaries create stress fields throughout the plate. These 
stresses and other effects are associated with the mid-plate earthquakes. 


A more detailed view of earthquake locations within the contiguous United States is 
shown in Figure 2.2. It is clear from this figure that "earthquake country" extends beyond 
the borders of California. 
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Figure 2.2 Distribution of epicenters in the United States [2.2]. 


Although continual creep and slippage occurs at some locations along fractures in the 
rock, at most locations and most of the time, the plate boundaries are locked, that is, there 
is no relative motion along the plate boundaries. However, the overall motion of the plates 
continues so that the stress at the locked boundaries increases. This process continues until 
the stress approaches the strength of the rock, at which time there is a sudden rupture, and 
slipping across the rupture releases pent-up strain energy. The release of the strain energy 
creates seismic waves that radiate away from the rupture zone. The rupture surface is 
called a fault. The location on the earth's surface above the spot where the earthquake 
started is called the epicenter. If the fault fracture surface extends to the earth's surface, the 
fracture line is called the fault trace. Once the rocks fracture, forming a fault, a zone of 
weakness is created so that future earthquakes will tend to occur along the old fault. 


As the seismic waves propagate away from the fault rupture they are attenuated. Also, 
as they pass through ground with different densities, and physical structures, the form of 
the waves becomes very complex. Higher frequency waves attenuate faster, so the 
frequency content of the motion changes as the distance from the fault rupture increases. 
There are also different types of waves. Some are compressional, in which, the particle 
motion is in the same direction in which the wave is propagating; some are shear waves, in 
which the particle motion is perpendicular to the direction of propagation. Other types of 
waves can also be observed. The velocity with which each of these waves travels is 
different. 


Since the stress in the rock can withstand prior to fracturing is limited, the strain energy 
that can be stored in any given volume of rock is also limited. Thus, a great earthquake 
with a large energy release requires that a large volume of rock be involved. This implies 
that the length of the fault involved in the event must be long. For example, the fault 
rupture in the 1906 San Francisco earthquake was over 400 km long. This has several 
important consequences. The ground motion at a site impacted by a large earthquake is 
influenced more by the distance from the fault rupture than by the distance from the 
epicenter. The duration of motion due to a great earthquake may be several minutes, since 
at any given location, there will be parts of the fault rupture that are very distant and it will 
take time for the waves to arrive from all parts of the fault. 


Figure 2.3 shows an idealized model of an earthquake source that is used to describe 
several variables associated with an earthquake [2.3]. In this model the rupture begins at 
the hypocenter located a distance h (focal depth) below the surface. The rupture spreads 
across the fault plane away from the epicenter. The orientation of the fault plane is 
specified by its strike angle and dip angle. The slip or offset between the fault surfaces can 
have any orientation in the plane. These and other parameters can be determined from 
recordings of the seismic waves. The extent of the fault surface is usually determined by 
the location of aftershock hypocenters. The hypocenter can be located anywhere on the 
fault fracture surface. The length, L, and width, W, of the rupture surface are shown on 
the figure. In this illustration the fault rupture did not reach the earth's surface. 
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Figure 2.3 Idealized model of an earthquake source based on [2.3]. 


The average depth of most earthquakes is 5 km to 200 km. The maximum offset along 
the fault trace in the 1906 San Francisco earthquake was 6 m and that along the 1992 


Landers earthquake was 7.5 m. The duration of shaking is determined by the length of the 
rupture surface, the location of the hypocenter on the fault surface, and the site soil 
conditions. For a given length of rupture surface, the duration of shaking is shorter if the 
hypocenter is located near the center of the rupture surface than if it is located near the end 
of the rupture surface. In an earthquake with the hypocenter located near one end of the 
rupture surface, a site located near the other end of the rupture surface will generally be 
more severely shaken than a site near the originating end. In general, shallow earthquakes 
are more damaging than deep earthquakes because seismic energy for a deep earthquake is 
attenuated before it gets to the surface. Soil conditions at a site can also significantly 
influence the ground motion. Thus, there can be large variations in the severity of shaking 
at a site for a given size earthquake for different source parameters and site conditions. 


2.2 Quantifying the Size and Intensity of Earthquakes 
2.2.1 Earthquake Size 


There are several ways in which the size of an earthquake can be described. Engineers 
frequently use the peak ground acceleration recorded during the earthquake to represent the 
size of an earthquake. Because strong motion seismographs record acceleration, this 
number is often the most readily available. Unfortunately, peak ground acceleration is a 
poor measure of the size of an earthquake in part because the limited number of instruments 
means that many larger ground accelerations probably occurred, but were not recorded. 
The peak ground acceleration is only one measure of the size of an earthquake and it only 
applies at a single location. Even from an engineering perspective, the peak ground 
acceleration may not be a good measure of the damage potential at the location were it was 
measured, as peak velocity has a better correlation to some types of damage. 


The size of an earthquake is usually specified by its magnitude. Several measures of 
magnitude have been devised. The most broadly recognized magnitude scale was 
developed by Richter and Gutenberg in the 1930's and 1940's. As the understanding of 
earthquakes improved and earthquake recording devices improved and became more widely 
distributed, other magnitude scales were developed, such as Local Magnitude, Surface 
Wave Magnitude, Body Wave Magnitude, Stress Drop Magnitude and Moment Magnitude. 
All of the scales are logarithmic in character so that an increase in magnitude of one 
corresponds to about a 30 fold increase in the amount of energy released. At this time the 
U.S. Geologic Survey uses the Moment Magnitude, Mw, to characterize earthquake size. 
This scale was proposed in 1979 [2.4] and uses seismograph records, the spatial 
distribution of intensity data, and ground deformations (geodetic data) to determine the 
magnitude. Several of the other magnitude scales tend to underestimate the size of large 
earthquakes, but it seems that the Moment Magnitude has the best overall correlation to 
energy released in an earthquake. Table 2.1 gives the Moment Magnitude of several 
historic earthquakes. 


Table 2.1 Magnitudes and Duration of Shaking for Notable Earthquakes 


Moment Duration of 
Basra song Shaking 
SECEDE N97 ng ON 
1812 New Madrid, MO (2) 


[1886Charieston, SC | 7.0 
1906 San Francisco, CA 
isésAska | 


1985 LomaPrieta,CA | 6.9 | 5-12 seconds 
1995 Northridge, CA 10-12 seconds 


(1) December 16, (2) January 23, (3) February 7 


Descriptive names, such as "great" or "moderate," are often used to characterize the size 
of earthquakes. This document will use the descriptive terms used by the USGS National 
Earthquake Information Center. Table 2.2 shows the number of different size earthquakes 
based on data gathered since 1900. 


Table 2.2 Frequency of Occurrence of Earthquakes of Different Magnitudes [2.5] 


The local damage potential, as measured by the severity and duration of the ground 
motion and its frequency content, is greatly influenced by local geological and site soil 
conditions. Focusing effects resulting from certain geological conditions have been 
observed and site soil conditions can significantly change the amplitude and frequency 
content of ground motions. The peak ground motion at a site near a fault rupture increases 
with the magnitude of the earthquake. However, for distances within a mile or two of the 
fault rupture, increases in magnitude above 6.5 do not cause a significant increase in peak 
ground motion. The area of severe shaking and its duration will continue to increase as the 


magnitude increases. 


2.2.2 Earthquake Intensity 


The severity of an earthquake, as measured by the type and amount of damage it 
causes, is usually described by its intensity. On a world-wide basis one of four intensity 
scales is used to describe the local severity of an earthquake; in the United States the 
Modified Mercalli Intensity (MMI) scale is usually used. Each earthquake has a 
distribution of intensities determined by the local damage. The MMI scale ranges from I to 
XII. For example, the toppling of chimneys is associated with an intensity VII and heavy 
damage and some collapse of ordinary masonry structures is associated with an intensity 
IX. Appendix A describes damage associated with the MMI scale. Some power system 
damage does not correlate well with the MMI Scale. For example, severe substation 
damage has been observed at MMI levels as low as IV. 


A map that shows contours of areas of equal intensity is referred to as an isoseismal 
map. 


The MMI scale, in addition to providing a measure for earthquake damage, is a vital 
tool for estimating earthquake magnitude for earthquakes that predate instrumental data. 


2.3 Effects of Earthquakes 


Knowledge of the effects of earthquakes on power systems has been gained from 
observing earthquake damage that has occurred in many parts of the world. Each of the 
following sections will discuss one of the major effects of earthquakes: ground vibration, 
soil liquefaction, soil-structure interaction, earthquake induced landslides, subsidence, 
ground faulting, and earthquake induced water waves. There is an emphasis on those 
effects which are most important to power systems. 


2.3.1 Ground Vibration 


When an earthquake occurs, seismic energy radiates away from the fault rupture in the 
form of ground vibrations that induce vibration in the structures and equipment resting on 
the ground. In general, the severity of the ground shaking decreases as the distance from 
the source increases. However, local soil conditions can significantly change the character 
of the ground motion. As the depth of soft soil increases at a site, the low frequency 
component of the ground motion is amplified, the high frequency component tends to be 
attenuated, and the duration of strong shaking is increased. Ground vibration levels may 
be amplified by a factor of three or more due to site conditions. Figure 2.4 adapted from 
[2.3] shows the effect of soft ground conditions on ground motion compared to that of a 
rock site. 


Earthquake excitations can be characterized by the amplitude of the shaking, its 
frequency content, and its duration. The frequency of the high energy content of 
earthquake ground motions often coincides with the natural frequencies of power system 
equipment. Ground induced vibration is the major cause of power system damage. 


The response of ground-supported structures and equipment is determined not only by 
the amplitude of the ground motion but also whether the frequency content of the ground 
motion matches the natural frequencies of the items being excited. Likewise, the response 
of equipment mounted in structures is influenced by the coincidence of a natural frequency 
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Figure 2.4 Local site soil conditions affect ground motion. 


of the structure and of a natural frequency of the equipment. Thus, equipment mounted in 
structures may experience a dynamic response much larger than if mounted directly on the 
ground. The approaches suggested in this guide do not involve dynamic analysis of 
equipment but use simplified methods. 


Earthquake induced vibrations have caused massive failures of porcelain members used 
in equipment, Figure 2.5, have damaged structures, Figure 2.6, and have caused poorly 
anchored transformers to slide from the supports and tip over, Figure 2.7. 


Outside of California there are very few strong-motion earthquake records from 
significant earthquakes. Many of the records obtained in California show that ground 
motion can be sensitive to site conditions. Utilities with important facilities for which soil 
conditions may influence seismic exposure at the site should maintain a strong-motion 
instrument at the site. While this will not prevent damage should an earthquake occur, it 
would provide valuable information for reconstruction and planning. 


2.3.2 Soil Liquefaction 


Granular, water-saturated, low-cohesive soils can lose their shear strength and liquefy 
when they experience vibrations. Liquefied soil has been observed to flow on 1% grades. 
Surface-supported structures have settled several feet below grade and buried tanks have 
floated to the surface. When soil below the ground surface liquefies the surface soil can 
break into blocks that can move back and forth or can shift laterally in one direction, a 
condition called lateral spreading. 
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Figure 2.5 Circuit breakers were severely damaged due to ground vibrations. 
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failed and collapsed when subjected to an earthquake. 
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Figure 2.7 A rail supported tran 


Factors contributing to liquefaction include the amplitude and duration of shaking, 
height of the water table, the soil density and the granular character of the soil. These 
conditions are common adjacent to rivers and lakes, where power generating facilities are 
frequently located. Figure 2.8 shows a bridge in which one of the piers sank below the 
water surface due to liquefaction dropping two spans into the water. The banks of rivers 
and the shores of lakes tend to move towards the water when soils below the surface 
liquefy. Figure 2.9 shows damaged cable ducts at a substation located adjacent to a river. 
There are cases where power distribution poles have settled almost 2 m when soil liquefied. 
The widespread presence of high water tables in the Eastern United States suggests that 
more liquefaction can be expected there than in California. 


2.3.2 Soil-Structure Interaction 


Large structural support loads on soft soils can cause a rocking motion due to the 
interaction of the structure with the soil that supports it. This effect has been observed on 
massive transformers and transmission line support towers. Although this has been 
observed when soils liquefy, it can also occur without liquefaction. In the Northridge 
earthquake bus connections to several transformers were damaged due to the rocking of the 
transformers. Figure 2.10 shows permanent tilt of a transformer pad relative to an adjacent 
concrete walk. 


Appendix B discusses results from an unpublished study of soil-structure interaction 
during, and soil remediation after, the Northridge earthquake. 
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2.3.3 Earthquake Induced Landslides 


There are many regions in which earthquake-induced shaking triggers landslides. The 
topography and soil conditions are the primary control variables. Should the earthquake 
occur during a rainy season when soils are saturated, landslide potential increases. Slides 
and rock fall can cause excessive deformations in the ground and the falling material could 
sweep away Structures and equipment in its path. However, there is no record of a 
landslide causing such damage to a major substation or a transmission tower. In the 
Northridge earthquake several transmission towers located on ridges or edges of steep 
slopes had foundation failures. While some of these failures may have been associated 
with ridge shattering (the focusing of seismic energy at ridges and peaks), others appeared 
to be caused by soil failure in a landslide, Figure 2.11. 


2.3.4 Subsidence 


Under certain conditions, an earthquake may cause the ground to settle. Inadequately 
compacted fills are vulnerable. Subsidence can cause severe damage to buried utilities such 
as water, gas and oil lines. The approach to a bridge abutment is one of the most 
frequently observed places of subsidence, Figure 2.12. Figure 2.13 shows soil at a gas 
metering Station of a power generating station in which the soil settled about 15 cm leaving 
the pipe unsupported. The gas lines were undamaged. 
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Figure 2.9 Ducts for control cables at a substation adjacent to a river were damaged 
due to lateral spreading. 


2.3.5 Ground Faulting 


Fault surfaces of shallow earthquakes frequently extend to the ground surface. Along 
much of the San Andreas fault, the offset after an earthquake is limited to a horizontal 
displacement along the fault. Frequently there is also a vertical offset. In areas with 
multiple fractures the area is referred to as a fault zone. Anything spanning the fault, such 
as buried pipe or cable or a structure, can experience severe deformations when significant 
offsets occur. Offsets at faults can be quite large; the maximum associated with the 1906 
San Francisco earthquake was 6m. The 1960 Chile earthquake (Mw=9.5) had an average 
fault offset of 20 m. In some earthquakes, particularly in the eastern United States where 
there are thick alluvial deposits, the faulting may not extend to the ground surface, and thus 
might not be observed. 
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Figure 2.10 Rocking of a transformer due to soil-structure interaction can cause 
large movement of conductors connected to the transformer bushings. 


Long continuous structures, such as pipelines or buried transmission cables are more 
likely to be affected by faulting than isolated structures. Faulting at concentrated facilities, 
such as substations, has been rare. In the 1992 Landers earthquake a fault trace passed 
under a transmission tower between footings so that two footings were on each side of the 
fault. However, even though the fault offset at the tower was almost 3 m, the tower 
continued to support the transmission lines, Figure 2.14. 


2.3.6 Earthquake-Induced Water Waves 


Large earthquakes occurring offshore that have vertical components can generate, long 
period water waves, called tsunamis. Typically, these waves are barely perceptible in deep 
water; however, they can become massive waves when encountering a land mass. A 
tsunami travels great distances at speeds of about 800 km per hour with little attenuation. 
As aresult, waves generated thousands of kilometers away can wreak havoc when they 
reach a distant shore. For example, in 1964, Crescent City, California was devastated by a 
tsunami generated in Alaska at a distance of more than 2000 kms. The loss of life in 
Crescent City was larger than that which occurred in Anchorage due to the earthquake. The 
1993 Hokkaido-Nansei-Oki, Japan, earthquake (Mw=7.8) created a tsunami that had a 15 
to 20 m vertical run up along the coast of Okushiri Island, located 48 km from the 
epicenter. The topography created by a river canyon caused the water to rise 31 m above 
sea level. The action of the wave stripped clean a portion of the town of Aonae, 

Figure 2.15. Because of the destructive power of tsunamis, power generating stations 
located on coasts may be vulnerable. 
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Figure 2.11 The foundations of some transmission line towers located at the edge 
of steep slopes failed when soil moved in a landslide. 


2.3.6 Earthquake-Induced Water Waves 


Large earthquakes occurring offshore that have vertical components can generate, long 
period water waves, called tsunamis. Typically, these waves are barely perceptible in deep 
water; however, they can become massive waves when encountering a land mass. A 
tsunami travels great distances at speeds of about 800 km per hour with little attenuation. 
As aresult, waves generated thousands of kilometers away can wreak havoc when they 
reach a distant shore. For example, in 1964, Crescent City, California was devastated by a 
tsunami generated in Alaska at a distance of more than 2000 kms. The loss of life in 
Crescent City was larger than that which occurred in Anchorage due to the earthquake. The 
1993 Hokkaido-Nansei-Oki, Japan, earthquake (Mw=7.8) created a tsunami that had a 15 
to 20 m vertical run up along the coast of Okushiri Island, located 48 km from the 
epicenter. The topography created by a river canyon caused the water to rise 31 m above 
sea level. The action of the wave stripped clean a portion of the town of Aonae, 

Figure 2.15. Because of the destructive power of tsunamis, power generating stations 
located on coasts may be vulnerable. 


2.4 Regional Differences in Earthquakes and Associated Hazards 


In the last 50 years the understanding of earthquakes has been revolutionized by the 
discovery of plate tectonics. While this has provided a framework for understanding why 
earthquakes occur in many regions of the country, the short historical record in the United 
States does not provide sufficient data for a clear understanding of seismic hazards. Along 
a few West Coast faults, the earthquake history for the last several thousand years has been 
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Figure 2.12 Subsidence of the road bed at bridge abutments is frequently observed 
after earthquakes. 


uncovered using trenching and carbon dating methods. Using this method, the number, 
the time interval between events, and the magnitudes of large earthquakes has been used to 
estimate probabilities of future events. However, this method can be used only when 
special conditions exist and this data is not available for most faults. Further, little such 
data is available outside of California. In many regions, such as the eastern United States, 
basic mechanisms are less well understood and much remains to be learned. Thus, the 
uncertainties about location, size, and frequency of occurrence are much larger in the 
midwestern and eastern U.S. Even in the regions that are best understood estimates are 
based on relatively short observation intervals. Observations made in China, which has a 
record dating back 5000 years, show a shift in seismic patterns over thousands of years. 
Even with this long record of past earthquakes, the disastrous Tangshan earthquake of 
1978, in which over 250,000 people died, occurred in a region rated as having low to 
moderate seismicity. 


A map showing the areas of damage resulting from four historic earthquakes 1s 
enlightening because it demonstrates that the attenuation in the eastern U.S. is much less 
than in California, Figure 2.16. The New Madrid earthquakes of 1811 and 1812 impacted 
a much larger area than the 1906 San Francisco Earthquake. The attenuation of seismic 
waves in the Midwest is much less than in California so that even a strong eastern 
earthquake can affect a larger area than a great western earthquake. This map also 
illustrates that large earthquakes have occurred outside of California. Indeed, many people 
are surprised to learn that the largest and potentially most damaging earthquakes in the 
United States had their origin in the Midwest, not in California. 
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Figure 2.13 Soil around the gas lines at a power generating plant metering station 


subsided about 15 cm. 

The effect of an earthquake on power facilities is further influenced by the local 
geology, and site conditions. In general, conditions in the Midwest and East lend 
themselves to more damaging earthquakes because large areas have a high potential for soil 
liquefaction and many sites are covered with soft soils which can amplify ground motions. 


2.5 Regional Seismisity of the U.S. 


To review the seismicity of the U.S., the country has been divided into three regions, 
Western, Central and Eastern. The earthquake history of each region will be reviewed. A 
map for each region shows the epicenters using a symbol that identifies the peak MMI 
generated by the earthquake. For each region selected isoseismal maps from historic 
earthquakes have been drawn. Each earthquake had a peak MMI value of at least VI. 
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Figure 2.14 A fault with an offset of almost 3 m passed between the legs of a 
transmission tower without causing it to fail. (Also see Figure 6.1.) 


Severe power system damage has occurred with MMI values less than [V. The intent is to 
illustrate that all parts of the country has experienced potentially damaging earthquakes. 
Many of the isoseismal maps are from earthquakes that predate modern power systems, 
however, they provide a historical basis for damaging earthquakes. For each region a table 
gives the number of earthquakes with a peak MMI for any earthquake above V or IV, by 
state. The most significant earthquakes in the region and other factors that influence the 
seismicity of the region will be briefly discussed. The peak MMI levels for earthquakes 
with epicenters in each state are listed to indicate that most states have experienced 
earthquakes with a MMI of VI or larger. All but three states (Iowa, Wisconsin and 
Maryland) have had qualifying earthquakes. 


Using the list of earthquakes that have had epicenters in a state one can underestimate 
the seismic exposure for the state. For example, the first earthquake of the New Madrid 
series occurred on December 16, 1811 in Arkansas. This earthquake generated higher 
intensities in Illinois, Indiana, Tennessee, Missouri, and Mississippi than any of the 
earthquakes with epicenters in these states. Most of the data in this section are drawn from 
a USGS Professional Paper [2.2]. This publication reviews the seismicity of the U.S. 
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Figure 2.15 Part of the town of Aonie, Japan, was washed away when it was hit 
by a tsunami. 
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Figure 2.16 Areas impacted by four historical earthquakes. 
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from 1568 through 1989, and the survey in this document is limited to this time period. 
Because of the general awareness of the high seismicity in Alaska and Hawaii, these states 
have not been discussed here. 


2.5.1 Western Region 


To review the seismicity of the U.S., the country has been divided into three regions, 
Western, Central and Eastern. Figure 12 shows a map of the Western Region with each 
earthquake location indicated by a symbol identifying its peak MMI. 


Figure 2.17 shows a map of the Western Region with each earthquake location 
indicated by a symbol identifying its peak MMI. The isoseismals for selected earthquakes 
are also shown. The isoseismals are shown for the 1857 Fort Tejon, California; the 1872 
Owens Valley, California; the 1872 central Washington; the 1906 San Francisco, 
California; ;the 1949 Puget Sound, Washington; the 1954 Dixie Valley-Fairview Peak, 
Nevada; the 1959 Hebgen Lake, Montana; and the 1983 Borah Peak, Idaho, earthquakes. 
Table 2.3 lists the number of events originating in each state with a given peak MMI. 


Table 2.3 Seismicity in States in the Western Region 


ae Number of Events'at MMI Le velsii Siem | 
Ferra 0 A 
[Mocana is [ex] | stadt ais) cuales | 168) 
INevase _fsoof[«}2]2)0[m~]«a| a 
Cm Te A 
Pwestingon Paap || 1]3]6|[% fe]. 
Prout [asap 2 | 8 [ar | 57 | 150 | 453 [aor | som 


# Total number of events in the earthquake catalog from 1568 through 1989. 
* In California MMI V and IV were excluded unless the magnitude was above 5.5. 


Of the three selected regions (Western, Central, and Eastern), the Western Region is the 
most seismically active. In California the period between the 1933 Long Beach and 1971 
San Fernando earthquakes is generally considered quiescent, because there was no 
significant damage to power system facilities or to the community at large; however, the 
earthquake catalog has over 200 entries during this supposedly quiet period. Starting with 
the 1971 San Fernando earthquake, there have been 10 California earthquakes that have 
caused damage to power system facilities. This apparent increase in seismic activity may 
be related to the introduction of more high voltage equipment which is more vulnerable to 
earthquake damage or unfortunate location of the epicenters. Some of the earthquakes that 
damaged power system facilities were relatively small. For example, the 1988 Tejon 
Ranch earthquake (ML=5.4) had a peak MMI of V; however, it damaged 10 of 18 phases 
of 230 kV circuit breakers at the site. The intensity at the switchyard site is not known; a 
strong motion instrument in the basement of a nearby water pumping station had a peak 
ground acceleration of only 0.08 g. 
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Figure 2. 
Region. 


The earthquakes which take place along the West Coast of California are typically 
associated with movements along the boundary between the Pacific and North American 
plates. These plates move relative to each other at a rate of about 2 centimeters per year. In 
some locations, like Southern California, the North American Plate (which includes most 
of the United States and Canada) is moving horizontally in a southerly direction relative to 
the Pacific Plate (which makes up much of the floor of the Pacific Ocean). This region is 
not only the most seismically active in the contiguous United States but also the best 
understood in terms of source mechanisms and the character of expected ground motions. 
A review of Figure 2.17 shows that there were 5 events with a peak MMI of X-XII along 
the San Andreas fault. There were also 5 events with a peak MMI of X-XII in a line from 
Lone Pine in the Owens Valley, California, to Winnemucca, Nevada, so that large 
earthquakes in the Western Region are not limited to the San Andreas. Much of California 
and Nevada are desert so that water tables are low and there is a low potential for soil 
liquefaction. 


Recently paleontologic earthquake investigation has identified large subduction 
earthquakes (Mw above 9) along the coast north of Eureka, California, up to British 
Columbia, Canada. This discovery has significantly changed the seismic risk maps used 
by the building codes in this region. 


2.5.2 Central Region 


Figure 2.18 shows a map of the Central Region with each earthquake location indicated 
by a symbol identifying its peak MMI. The isoseismals for selected earthquakes are also 
shown. The isoseismals are shown for the 1811 Arkansas (1st New Madrid), the 1882 
Colorado, the 1884 Lima, Ohio, the 1887 Sonora, Mexico, the 1891 southern Illinois, the 
1895 Charleston, Missouri, the 1909 Wabash River valley, Indiana; The 1925 Texas 
Panhandle, the 1934 Kosmo (Hansel Valley), Utah, the 1964 northwest Nebraska, the 
1980 northern Kentucky; the 1984 eastern Wyoming earthquakes. Table 2.4 lists the 
number of events originating in each state with a given peak MMI. 


2.5.2.1 New Madrid Earthquake Series 


One of the most severe series of earthquakes within the contiguous United States, as 
measured by the area subjected to severe shaking, is referred to as the New Madrid 
earthquakes. Severe shocks started in December of 1811 and continued over a period of 
several months. There were three major events with Magnitudes (Mw) estimated at 8.1, 
7.8 and 8.0 and epicentral intensities of X - XII. In addition there were 5 aftershocks with 
intensity X, 10 with intensity IX, and 40 with intensity VIII [2.6]. 


The cause of the New Madrid earthquakes is beginning to emerge. The relative motion 
of locked plates causes stress to develop throughout the plates. Recently, what appears to 
be an ancient rift has been discovered, which roughly parallels the Mississippi River. The 
long dimensions of this feature account for the possibility that such large earthquakes could 
occur in the mid-continent. However, the length of fault releasing energy in the mid- 
continent is expected to be significantly shorter than for a comparable earthquake in the 
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Table 2.4 Seismicity in States in the Central Region 


[Number of Events with Peak MMILevels 
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# Total number of events in the ae =a from 1568 through 1989. 
* Epicenter just south of the Arizona-Mexico boarder. 


West because of the character of the basement rock. The existence of these mid-continent 
stress fields also means that strong earthquakes (Mw about 6.5) can occur almost 
anywhere in the U.S. 


The attenuation characteristics of the mid-continent earthquakes influence their impact in 
many ways. First, as indicated in Figure 2.16, for a given magnitude earthquake an 
earthquake in the Midwest will induce severe shaking in a much larger area than one of 
similar magnitude in the Western Region. Thus, cities separated by moderate distances 
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may be affected by the earthquake and be unable to provide assistance or mutual aid as 
would be the case in the West. Second, more substations will be impacted, so that the 
robustness of the system provided by redundancy may be overwhelmed. Also, those sites 
further away from the epicenter which experience fairly severe shaking will experience 
shaking which will last longer, and will have a greater low frequency content. High 
voltage substation equipment has low natural frequencies and longer duration shaking 
would cause more damage than would be experienced by a similar magnitude earthquake in 
the West. 


More severe and widespread liquefaction can be expected in the Midwest as compared 
to the West. Liquefaction is sensitive to the duration of shaking so even if everything else 
were the same, more problems would be expected. However, an additional factor makes 
liquefaction an even more serious problem in the Midwest. The most important factor 
contributing to liquefaction is the presence of water-saturated coarse-grained soils. These 
conditions are much more prevalent in the Midwest than in the West. Observations made 
at the time of the New Madrid earthquakes attest to this and large sand boils caused by 
liquefaction remaining from this large event can still be seen. Liquefaction was observed as 
far as 500 km from the epicenter. 


In most of the Eastern and Midwestern United States the basement rock which fractures 
during an earthquake is covered with alluvial deposits, often to considerable depth. As a 
result, very little surface faulting can be expected when an earthquake occurs. However, 
large areas of subsidence and differential settling can be expected. 


In the West, the high population density regions which are subjected to earthquakes lie 
primarily along the coast where temperatures are moderate. Should a catastrophic 
Midwestern or Eastern earthquake occur in winter when temperatures are low, the impact 
of the earthquake may be more severe for two reasons. First, the damage experienced by 
high voltage substation equipment may be more severe. The most vulnerable members in 
substations are porcelain insulators and bushings. Tests have shown that the material often 
used to bond the porcelain to the end flanges is temperature sensitive. At low temperatures 
this material becomes less plastic. Thus, the damping exhibited by these members can drop 
significantly, and a larger dynamic response can be expected with a commensurate increase 
in failures. Second, should the earthquake coincide with a winter storm, the problems 
associated with transportation and field repairs would be severe and recovery times would 
be much longer than those experienced in California. 


2.5.3 Eastern Region 


Figure 2.19 shows a map of the Eastern Region with each earthquake location indicated 
by a symbol identifying its peak MMI. The isoseismals for selected earthquakes are also 
shown. The isoseismals are shown for the 1811 Arkansas (New Madrid); the 1884 New 
York; the 1886 Charleston, South Carolina; the 1940 New Hampshire; and the 1944 
Massena, New York, earthquakes. Table 2.5 lists the number of events originating in each 
state with a given peak MMI. 
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Figure 2.19 Epicenters and isoseismals for selected earthquakes in the Eastern 


Region. 
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Table 2.5 Seismicity in States in the Eastern Region 


Number of Events at MMI Levels 
|No.#[ X_| 


State 
Connecticut 


Delaware 
Florida 


Georgia 


Massachusetts 
New Hampshire 
New Jersey 
New York 
North Carolina 
Pennsylvania 
Rhode Island 
Vermont 

South Carolina 


Virginia 


< 


West Virginia 


Total 
# Total number of events in the earthquake catalog from 1568 through 1989. 


Like the Central Region, the East is expected to be more severely impacted than the 
West because of the greater potential for soil liquefaction and lower attenuation of seismic 
energy. 


2.5.3.1 Charleston, South Carolina 


In 1886 an earthquake with magnitude estimated at My 7.0 was centered 40 km 
northwest of Charleston. Recent earthquakes have had depths of 3 to 13 km, suggesting 
that the 1886 event also occurred in the upper crust. There are clues that suggest that the 
Charleston earthquakes may be associated with a horizontal boundary separating 
formations of different ages. This type of horizontal structure exists over large parts of the 
East Coast, thus there is a potential of significant earthquakes over a larger area. 


Almost all structures in Charleston were damaged and few escaped serious damage. 
Structural damage was reported several hundred km from Charleston in central Alabama, 
central Ohio, eastern Kentucky, southern Virginia, and western West Virginia. The 
southern part of Lake Michigan, including Chicago, experienced a MMI V associated with 
this earthquake. A notable feature of the earthquake was the development of large cracks in 
the ground that paralleled rivers, due to liquefaction and lateral spreading. 
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2.5.3.2 Cape Ann, Massachusetts 


The 1755 Cape Ann earthquake had its epicenter offshore in the North Atlantic. It had 
a peak intensity of VIII and affected the area around Cape Ann and Boston. The 
earthquake was felt from Halifax, Nova Scotia, south to the Chesapeake Bay in Maryland 
and to Lake George, New York. This earthquake created a 2 m tsunami in the West Indies. 
The source of the earthquake and the persistent seismicity is not well understood. There 
are certain geological features in the area including an ancient rift and a transform fault 
which could account for the earthquakes. 


2.6 | Summary of Differences Between Earthquakes in California and other Regions 


¢ Similar peak accelerations can be expected for similar magnitude earthquakes in the 
throughout the United States. 


¢ A single large event will impact a much larger area outside of the west coast. 


¢ More extensive areas of soil liquefaction and subsidence can be expected in the Central 
and Eastern United States as compared to the Western United States. 


¢ In the Central Region a series of major events and many significant aftershocks can be 
expected over a period of several months as compared to the West, if the New Madrid 
earthquakes are representative. 


¢ Outside of California, because of the recent introduction of seismic design codes, 
damage to the infrastructure needed during post-earthquake recovery, such as the 
transportation system, may impede the recovery of power facilities. 


2.7 | Commonly Used Terms 
2.7.1 Fault and Fault Trace 


A fault is the fracture surface within the earth along which the earth's crust moves 
relative to adjacent parts of the crust. This surface forms a weak section so that future 
earthquakes will tend to occur along the same fracture. The intersection of the fault plane 
with the surface of the earth is called the fault trace. In some earthquakes, the fault trace 
can be seen in the form of an offset at the ground surface. In some regions, the fault is not 
a well defined surface but is characterized by many parallel fractures and is referred to as a 
fault zone. 


2.7.2 Hypocenter and Epicenter 


The hypocenter is the location on the fault where an earthquake starts. The epicenter is 
a point on the earth's surface directly above the hypocenter. 


2.7.3 Earthquake Magnitudes 


Several different magnitude scales are commonly used to characterize the size of an 
earthquake. They are derived from seismograms obtained from an earthquake and are 
related to the energy released in the earthquake. All of the scales are exponential in 
character so that an increase in magnitude of one corresponds to about a 30-fold increase in 
the amount of energy released. The USGS now uses the Moment Magnitude (Mw) to 
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characterize the size of earthquakes. Most other magnitude scales tend to underestimate the 
size of large earthquakes. Other magnitude scales that are used include the Richter (M), 
Local (ML), Surface Wave (Ms), and Body Wave (Mb). 


2.7.4 Intensity Scales 


Earthquake intensity levels are used to describe the local impact of an earthquake based 
on observed effects. Both natural effects, such as soil liquefaction, and the effect on 
structures are used to characterize the intensity. Several different intensity scales are used 
throughout the world, but the most frequently used in the U.S. is the Modified Mercalli 
Intensity Scale (MMI). The definition of the scale is given in Appendix A. 


2.7.5 Tsunamis 


Tsunami is the term used to describe an earthquake- generated tidal wave. Earthquakes 
with significant vertical offset on ocean bottoms can generate large waves. They are often 
associated with earthquakes along subduction zones. These waves are barley noticeable in 
deep water, where they may be only 30 cm high. They can travel thousands of km at 
velocities as high as 800 km per hour. When it impinges on a coast line the tsunami can 
rise as high a 15 meters above sea level. Certain topographical features, such as a river 
canyon, can extend the wave height to as high as 30 m. Another potential source of large 
earthquake-generated waves is a large landslide that occurs below water or that enters the 
water. 
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CHAPTER 3 


OVERVIEW OF EARTHQUAKE PERFORMANCE OF POWER SYSTEMS 


AND FACILITIES 


In this section power systems have been grouped into three types of facilities: 


transmission and distribution facilities, power generating stations, and control and 
communications facilities. Facilities that do not immediately impact system operations, 
such as design offices and maintenance facilities, are not discussed here. The overall 
performance of the entire system and the performance of each of these types of facilities are 
discussed. A detailed discussion of the performance of individual equipment and facilities 
is given in subsequent sections. 


SPt 


Overall Power System Seismic Performance 


Before the seismic performance of power facilities within the United States can be 


properly understood, four factors must be kept in mind. 


ie 


There are no data from a major or great earthquake centered in a modern metropolitan 
area. The evaluation of system performance is primarily based on several moderate and 
two strong California earthquakes. 


. Knowledge of earthquakes in California has been evolving since the 1920s. Since 


1933 a stronger impetus has been given to the seismic design of power facilities. This 
has been a slow process as changes in design take a long time to be reflected in most 
facilities in the field. However, the vast majority of facilities subjected to earthquakes 
since 1970 have had significantly higher seismic specifications (particularly anchorage 
of substation equipment) than most such facilities outside of California. While other 
regions may have other more severe design specifications, such as those for high wind 
loads, the requirements typically have little effect on improving the seismic performance 
of substation equipment. 


. The moderate magnitude of most recent earthquakes and the high attenuation of seismic 


energy in California, as compared to most of the eastern United States, mean that in 
California relatively small areas have been exposed to damaging ground motions. Asa 
result, the damage to power systems in most earthquakes has been confined to one or 
two facilities. In the eastern United States, equivalent magnitude earthquakes will 
impact much larger areas and large areas have a high potential for soil liquefaction. 
Thus, an eastern earthquake may affect several facilities and be more disruptive to the 
network, and soil liquefaction at a power facility can be more damaging. 


Large coal-fueled plants, with their heavy coal storage silos located high in the steam- 
generation (boiler) structure, have not been put to the test by damaging earthquakes, so 
their seismic performance is unknown. Within California, all large fossil-fuel power 
generating stations are units that burn gas or oil rather than coal. There is no 
earthquake data available on the performance of coal-fueled generating stations in 
seismic regions in other countries. 
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Given these caveats, it can be said that system performance, as measured by power 
disruption, has been very good. Thus, to date, network redundancy has been adequate to 
overcome the extensive damage to isolated high voltage substations. In the case of the 
Loma Prieta and Northridge earthquakes, where several substations were damaged, the 
character of the damage and the use of emergency procedures allowed expeditious system 
restoration. 


3.2 Power Transmission and Distribution Systems 


The transmission and distribution system can be grouped into three types of elements: 
transmission lines, distribution lines, and substations. 


3.2.1 Transmission Lines 


Transmission lines have been very resistant to earthquake damage; their main 
vulnerabilities are foundation failure of transmission towers or the loss of a tower due to a 
landslide. Both occurrences are relatively rare. It would appear that the low natural 
frequencies of lines decouple their mass from the high energy content of earthquakes and 
the design for extreme wind, ice, and longitudinal load combinations are adequate for 
earthquakes. 


3.2.2 Distribution Lines 


Distribution lines are also seismically robust. Their main vulnerability in the United 
States is from burn-down when earthquake induced vibrations cause adjacent lines to come 
in contact. If they are energized, they will arc and may burn through the line causing it to 
fall. Burned down lines can be a significant source of fires and they have generated large 
numbers of calls by the general public to the emergency response system. While repair can 
be labor intensive, only limited numbers of customers are impacted by any given downed 
line and spare parts are usually not needed to effect a repair. 


Distribution systems in other countries have had problems with the failure of concrete 
distribution poles and the failure of houses that supported lines where narrow streets did 
not allow the use of poles. 


3.2.3 Substations 


Damage to porcelain members of high voltage substation equipment has been a 
recurring problem. Equipment operating at voltages of 115 kV and below performs very 
well when good seismic installation practices of anchorage and conductor interconnection 
flexibility are followed. Some types of equipment operating at voltages of 220 kV and 
above are vulnerable. Generally, the higher the operating voltage, the more vulnerable the 
equipment. The highest voltage equipment to be subjected to earthquakes is 500 kV. Little 
Or no equipment operating in the voltage range from between 138 kV and 161 kV is used in 
California, so its earthquake performance is not known. Several types of failures are 
frequently observed. Inadequately anchored rail-supported transformers have fallen from 
their elevated platforms and have been severely damaged. Leaking or broken bushings are 
common. Lack of adequate slack in conductors connecting equipment can load and damage 
bushings and post insulators. Flexible equipment supports have allowed large relative 
displacements; this tends to aggravate problems with the lack of sufficient slack. Some 
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equipment designs appear to be inherently vulnerable, while other equipment that serves the 
same function and operates at the same voltage can be quite rugged; for example, some 
live-tank circuit breakers versus dead-tank circuit breakers. Current transformers and 
Capacitive coupling voltage transformers have been damaged thereby, disrupting system 
protection. One of the main difficulties when substation equipment is damaged is that there 
are limited numbers of spare parts or spare replacement equipment. Also, repair and 
replacement of damaged equipment is a time consuming task. 


Ey A' Power Generation Facilities 


In general, the overall seismic performance of power generating stations has been 
good, although coal-fueled plants and large oil and gas-fueled plants (SOO MW and above) 
have had limited exposure. Within California, many generating stations are relatively small 
and old. Design practices used by California utilities have evolved from 0.1g static lateral 
design force used in the 1920's, to 0.2 g in the 1950's and 0.5 g dynamic design since the 
early 1970's. 


Generating station performance has been good, although some equipment and facilities 
not causing the plant to shut down have been damaged. Some elements, for example, 
water and liquid fuel storage tanks, have had mixed performance. Generating stations have 
been forced off-line due to switchyard and substation damage, and have experienced delays 
in getting back on line. 


Performance of power generating facilities outside of the United States, primarily in 
Chile and Japan, has been good. However, a small generating station in Managua, 
Nicaragua was severely damaged in 1972. 


The discussion here excludes nuclear generating plants as they are under federal 
regulation and are designed to much more stringent criteria. Also, because of the special 
character or limited number of wind, geothermal and hydropower facilities, they are not 
discussed in this document. 


The switchyards associated with power plants are grouped with transmission and 
distribution facilities. 


3.4 Control, Protection, And Communications Facilities 


In general, control, protection, and communications equipment have performed well. 
The exceptions are uninterruptible power supplies and emergency power supplies. 
Inadequate restraint of station batteries at power plants and substations has been a common 
problem. Protective relays have tripped due to earthquake induced vibrations. The loss of 
Capacitive coupling voltage transformers has also disrupted or limited system protection. 
Damage to substation equipment may result in poorer system protection. For example, 
damage to instrumentation transformers may limit protection to just over-current conditions 
and prevent determining the location of faults. 


Public Switched Network telephone systems are typically congested so they cannot be 
counted on during the emergency response period following an earthquake. Utility owned 
communication systems can also become saturated, but the earthquake performance of 
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these facilities has been good. Radio repeaters used to dispatch repair crews can lose 
power and stop operating; this impedes the dispatch and control of repair crews. 
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CHAPTER 4 
APPROACH TO IMPROVED EARTHQUAKE PERFORMANCE 
RECOMMENDATIONS 


An earthquake preparedness program should be implemented consisting of the 
following elements. 


¢ Hazard and system vulnerability evaluation (4.2) 
¢ Earthquake disaster response planning program (4.3) 
¢ Earthquake mitigation program (4.4) 


Perform an initial hazard and system vulnerability evaluation to assess the need for 
an earthquake preparedness program. (4.2.1) 


Perform a hazard and system vulnerability evaluation to estimate direct losses 
needed to justify a preparedness program. (4.2.2) 


Perform a detailed assessment to gather information needed to implement a 
mitigation program. (4.2.2.1) 


A disaster response plan should be formulated and include the following elements: 
Corporate recovery plan (4.3.2), 
Emergency operations center (4.3.4), 
Alternate energy control center (4.3.5), and 
Periodic exercise disaster response plan, and its review and revision (4.3.1) 
Earthquake planning should be given high implementation priority. (4.3) 


Upgrade manuals of practice by incorporating material dealing with the following 
issues: 


Add seismic criteria for site selection and preparation (4.4.2.1) 


Incorporate guidance for seismic issues in site layout, including seismic 
review early in the design process (4.4.2.2) 


Incorporate seismic specifications into equipment purchase orders (4.4.2.3) 


Develop engineering drawings for anchoring equipment (4.4.2.4) 


Develop engineering drawings that assure equipment inter-connection 
flexibility (4.4.2.4) 


Institute seismic quality assurance check of engineering drawings and 
as-built field construction (4.4.2.5) 


Institute vulnerability assessment of parts of the system that historically 
have had poor seismic performance (4.4.3) 


of 


Diligently apply good practices for renovation of existing facilities and for new 
construction (4.4.4.1 to 4.4.4.4) 


Incorporate seismically hardened power paths in substations to enhance system 
reliability at reduced cost relative to upgrading the entire switchyard (4.4.4.5) 


Develop a plan to upgrade facilities, such as structures, that are not normally 
renovated (4.4.4.6) 


Periodically review and revise the earthquake mitigation program (4.4.5) 


It is important to get the support of top management for an earthquake damage 
mitigation program. (4.5.2) 


For the program to be effective, mitigation measures must be cost-effective. (4.5.3) 


Personnel doing design that affects earthquake performance should be familiar with 
ood earthquake practices and take into account effects of earthquakes. (4.5.5) 


California's experience suggests that power system performance, in terms of 
disruption, has been good for moderate (SSMw<6) and strong (6$Mw<7) earthquakes. 
However, in the recent 1989 Loma Prieta (Mw=6.9) and the 1994 Northridge (Mw=6.7) 
earthquakes there was considerable power system damage. The performance of power 
systems in major (7S<Mw<8) and great (8<SMw) earthquakes is unknown. The high 
vulnerability of power system equipment to earthquake damage, the potential for lengthy 
disruption of service and the high dependency of modern society on power mandates that 
the reliability of power systems during and following earthquakes be addressed. In most 
parts of the country except along the West Coast, the prospect of a large or great earthquake 
is not imminent. Even in regions of high seismic exposure, such as California, major and 
great earthquakes do not occur frequently; the last great earthquake in southern California 
was the 1857 Fort Tejon, and the last great earthquake in Northern California was the 1906 
San Francisco earthquake. 


Power systems in regions outside California where the frequency of earthquakes is 
lower and seismic awareness is low, may be more vulnerable because of the failure to use 
good earthquake design practices. In addition, the area affected by a significant earthquake 
is larger. Thus, in these regions outside of California, measures to improve the earthquake 
performance should be pursued, although they may proceed at a slower pace than im higher 
risk areas and at a cost that is commensurate with the risk. In these regions the risk of a 
major earthquake in the next thirty years is relatively low, so that a mitigation program 
operating at a measured pace is likely to reduce vulnerability before a large earthquake 
Occurs. 


4.1. Overview of Improved Earthquake Performance 


The earthquake performance of a power system can be improved through the adoption 
and implementation of an earthquake preparedness program. Earthquake preparedness 
programs can be divided into two types of activities: earthquake response planning and 
earthquake mitigation. Earthquake response planning activities address issues that improve 
the response after an earthquake occurs. These activities are directed at creating disaster 
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response plans or making additions to or changes in physical facilities that will aid in post- 
earthquake response. Examples include enhancing communication capabilities, creating an 
emergency operations center or creating an alternate energy control center. Earthquake 
mitigation activities are directed at improving earthquake performance by reducing damage 
and facilitating repairs after an earthquake. 


Although disaster response plans are important, their detailed development is outside 
the scope of this document. A few comments on disaster response plans are given below. 
Figure 4.1 shows a flow chart of the relationship of the steps in formulating and 
implementing an earthquake preparedness program. 


Shey 


Preliminary Hazard and Vulnerability Evaluation 


Detailed Hazard and Vulnerability Evaluation 


Expedited Implementation of Develop 
Very High Benefit/Cost Tasks Disaster Response Plans 


Develop Seismically Enhanced Establish 
Manuals of Practice Emergency Operations Center 


Adopt Seismic Criteria for Establish Alternate Energy 
SiteSelection and Preparation Control Center 

Consider Seismic Issues Corporate Recovery Plan 

in Facility Layout 

Include Seismic Specifications 
in Equipment Purchase Orders Response Plans 

Incorporate Good Design Other Earthquake 
Practices in Manual of Practice Preparedness Actions 


awings an onstruction 
Mitigation Plan Implemention 


Viligently Use Good Fractices 
on Renovation and 
New Constriction 


Retrofit Selected High 
Benefit/Cost Items 
Use Opportunities to 
Seismically Upgrade 
|_jEvaluate and Install Seismicall 
Hardened Power Paths 
Plan Long-Range Seismic 

Upgrade of Buildings 


upport of Top 
Managment Crucial 


Practices and the Program 
Must Be Cost Effective 
Need for Qualified Seismic 
Design Professionals 


Figure 4.1 Flow chart of the steps in formulating and implementing an earthquake 
preparedness program. 
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4.2 Earthquake Hazard and System Vulnerability Evaluation 


An initial hazard evaluation is needed to assess the potential for occurrence of damaging 
earthquakes in the utility's service area. An initial assessment of the vulnerability of power 
facilities is needed to establish the scope of earthquake risks and the need for more detailed 
hazard and facility evaluations. In many situations there will be a need for a detailed hazard 
and vulnerability evaluation before disaster planning and mitigation can proceed. 


4.2.1 Initial Earthquake Hazard and System Vulnerability Evaluation 


One of the first steps in determining if an earthquake preparedness program is 
necessary is to perform an initial evaluation of the earthquake hazard and power system 
vulnerability. Should a preparedness program be justified, the initial evaluation is needed 
to determine the scope and character of the risk and the types of measures that will be 
needed to carry out an effective preparedness program. The goal of the initial evaluation 
should be to get rough, realistic, and conservative estimates for direct losses. The 
procedures for performing an evaluation of earthquake hazards are described in Section 
4.2.2. There may be some situations where the cost and effort associated with a detailed 
evaluation may not be necessary or justified. In such cases, the methods described in 
Sections 4.2.2.1 and 4.2.2.2 may provide sufficient information to proceed with the 
response planning and mitigation parts of the program. 


Information provided in Chapters 5 through 10 allows system vulnerabilities to be 
assessed. After the evaluation, the earthquake response planning and mitigation programs 
can be formulated. 


After the initial evaluation of hazards and vulnerabilities, certain mitigation tasks may be 
obvious because of their high benefit-cost ratio. For these tasks retrofitting can proceed 
without formulating an entire mitigation plan. Examples include providing adequate and 
earthquake-secure emergency power at generating stations and substations. 


4.2.2 Detailed Earthquake Hazard and System Vulnerability Evaluation 


The objective of this effort is to gather data to make a case to management for initiating 
a formal earthquake preparedness program. For many utilities, the losses associated with a 
great earthquake that impacts their service area will have very significant financial impacts 
that responsible management should not ignore. 


¢ Determine if the earthquake hazard warrants a preparedness program 

¢ Obtain a rough assessment of direct damage and associated costs 

¢ Estimate the extent and duration of power disruption 

¢ Estimate damage reduction to be achieved by a long-term mitigation program 
¢ Identify the benefits to be achieved in the area of risk management 

¢ Identify ancillary benefits desired from a preparedness program 


Each of the above tasks is discussed in more detail in the following sections. 


4.2.2.1 Determine if the Earthquake Hazard Warrants an Earthquake Preparedness 
Program and Establish Seismic Zones in the Service Area 


4] 


The revised version (1998) of IEEE Standard 693 [4.1] and the adoption by the three 
major model building codes of the same seismic hazard maps greatly simplifies the process 
of determining if a utility is exposed to earthquake hazards. The IEEE Standard 693 
references the 1987 NEHRP requirements, however, it actually uses the 1994 NEHRP 
edition. For consistency with IEEE Standard 693, this document will also use the 1994 
NEHRP requirements. However, the seismic hazard maps used with the 1994 NEHRP 
requirements are outdated and do not consider the risks associated with the subduction zone 
in the northwest United States. 


A comparison of the utility's service area with the hazard maps will indicate the seismic 
exposure potential. The procedure suggested in IEEE Standard 693 for evaluating a site 
has been adapted to evaluating a utility's service area. This procedure can also be used to 
establish seismic zones within the utility's service area. Some California utilities, because 
of their large service areas, have classified their service areas relative to seismic hazards. 
Facility design coefficients vary depending on the seismic hazard at the site. Generally, 
even if the hazards vary within the service area, uniform seismic equipment specifications 
are used so that equipment can be moved to any site within the service area. The tasks in a 
detailed earthquake hazard and system vulnerability evaluation generally include: 


¢ Determine the NEHRP [4.2] soil type classification, Table 4.1, that best represents the 
service area. For large service areas it may be appropriate to divide the area into 
different seismic vulnerability regions based on soil types and expected peak ground 
accelerations given on risk maps. In characterizing the soil classification that best 
represents the service area or region, the soil conditions at transmission substations are 
the most critical, Added significance is given to transmission substations that are 
particularly important to system operations. The five soil types defined in the NEHRP 
document, A, B, C, D and E are given in Table 4.1. For a complete description see 
Section 4.1.2.1 in [4.2]. 


Table 4.1 Soil Profile Type Classification 
(Adapted from NEHRP 1994 Recommendations, Section 4.1.2.1, Site Class 
Definitions[4.2]) 


a Profile Soil Description 
De 

Hard rock with measured shear wave velocity larger than 1500 m/s (5000 
ft/sec) 
Rock with shear velocity above 760 m/s (2,500 ft/sec) and equal or less 
than 1500 m/s (5,000 ft/sec) 

C Very dense soil and soft rock with a shear velocity above 360 m/s (1,200 
ft/sec) and equal or less than 760 m/s (2,500 ft/sec) 


Stiff soil with a shear velocity equal or above 180 m/s (600 ft/sec) and 
equal or below 360 m/s (1,200 ft/sec) 


A soil profile with a shear velocity less than 180 m/s (600 ft/sec) 
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* Use the NEHRP seismic hazard map with 2% probability of exceedance in 50 years on 
soft-rock sites to locate facilities in the service area. This map gives the response 
acceleration (in %g) for short and at 1 second periods. 


¢ Estimate the mapped spectral response acceleration at short periods from the 2% map at 
sites in the service area. 


¢ Multiply these values by the Site Coefficients, Fa, defined for the site soil conditions as 
a function of spectral response accelerations at short periods given in Table 4.2. 


Table 4.2 Values of Fg as a Function of Site Conditions and Shaking Intensity 
(Adapted from NEHRP 1994 Recommendations Table 4.1.2.4a, [4.2]) 


Soil Shaking Intensity 


[Lc lcd LA i Slf 


NOTE: Use straight line interpolation for intermediate values of Ag. 

* Values of Ag > 0.4 are applicable to the provisions for seismically isolated structures. 

** Site-specific geotechnical investigation and dynamic site response analyses shall be 
performed. 


¢ From the resulting values, which are the site peak ground accelerations, the 
performance level in IEEE Standard 693 is determined. If the peak ground acceleration 
is equal to or less than 0.1, the sites are seismically classified as Low. If the peak 
ground acceleration is greater than 0.1g, but equal or less than 0.5g, the sites are 
classified as Moderate. If the peak ground acceleration is greater than 0.5g, the sites 
are Classified as High. 


4.2.2.2 Obtain a Rough Assessment of Direct Damage and Associated Costs 


The most realistic and accurate method of estimating power system damage is to base it 
on scenario earthquakes. In scenario earthquakes, the locations and magnitudes of 
hypothetical earthquakes are selected and system damage is evaluated for each event. 
However, for the purpose of this initial estimate, it is suggested that the seismic exposure 
be obtained directly from the risk maps because it is much simpler and reduces the expertise 
needed for implementation. 


Depending on the size and location of the utility's service area, damage estimates using 
the risk maps may be high. However, utilities with small service areas should obtain good 
damage estimates. The primary reason that the use of the risk map may overestimate 
damage is that the peak accelerations shown on the risk map may be derived from several 
earthquakes, and the accelerations caused by a single earthquake may not impact the entire 
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service area. One method of judging if damage estimates are high is to compare the utility's 
service area to isoseismal maps given in Chapter 2. If a significant part of the service area 
is covered by one of these historical earthquakes, or by similar isoseismals obtained by 
shifting the epicenter slightly, damage estimates should be reasonable, as this indicates that 
a single event can impact the entire service area. The purpose of this rough damage 
estimate and the resulting direct cost of damage is to determine if a cost-effective program is 
to be started. These estimates would not be used to determine specific mitigation actions. 
Before specific mitigation actions are taken, all vulnerable sites should be evaluated. 


Past experience has shown that engineers who design power facilities and who have 
not previously given much attention to seismic issues may need assistance in assessing the 
earthquake vulnerability of their facilities. The use of historical data is vital in getting 
realistic estimates of damage. For the purposes of an evaluation, a careful review of the 
earthquake performance of power system equipment contained in this document should 
provide the information needed to identify vulnerable equipment. The initial review should 
focus on transmission substations, as these have been where most earthquake damage has 
occurred. This review should reflect seismic practices used by the utility. Itis not 
envisioned that all facilities would be given a walk-through. After the document is 
reviewed and understood, a few key facilities should be physically reviewed to assess the 
seismic practices used by the utility. The assessment should take into account the fact that 
the performance of facilities is based primarily on damage observed within California, 
where seismic practices have been evolving for many years. Based on estimates of damage 
at the sites that were visited, damage estimates for the entire system can be made by 
extrapolation. 


Once a list of potential equipment damage has been made, the repair and/or replacement 
cost of the damage can be estimated by using data from recent purchases or older purchases 
adjusted for inflation. The cost of damage should include the cost to repair or replace 
equipment and the cost of installation materials and labor. 


Prior to formulating a detailed mitigation plan, the vulnerability of all facilities in the 
service area should be evaluated. The detail of the review should be based on the 
importance of the facility to employee safety and potential impact of system operations if it 
were damaged. 


4.2.2.3 Estimate of the Extent and Duration of Power Disruption 


Even when accurate estimates of equipment damage are available, there is no simple, 
accurate method for estimating the extent and duration of service disruption. Because of 
the high degree of redundancy in substations and networks, it is difficult to estimate the 
impact of equipment damage. Estimating the duration of disruption is difficult because the 
effectiveness of emergency operating procedures is unknown. The rough character of the 
damage estimates and the difficulty in determining their impact on disruption make the 
usefulness of these estimates questionable. The main purpose for estimating the extent and 
duration of disruption is to get an idea of the potential impact on the community and the size 
of indirect losses. For the purpose of justifying the need for a mitigation program, 
estimates of the extent and duration of disruption are probably not necessary. They are 


only listed here for completeness. Because of the difficulty in obtaining these estimates, 
and the uncertainty of these estimates, it is suggested that no estimates be made. 


If an estimate of the extent of disruption is pursued, fragility data for the equipment, if 
available, should be used to determine the likelihood of operability of the equipment after 
an earthquake. If fragility data are not available, it should be assumed that the most 
vulnerable equipment will be inoperable if it is exposed to ground motions above 0.2¢. 
Substation transformers (e.g. pedestal-mounted on rails, with poor anchorage) and high 
voltage (220 kV and above) live-tank circuit breakers should also be considered vulnerable. 
The effect of some equipment damage can be quickly eliminated by by-passing it, as 
discussed elsewhere in this document. This approach should be taken into account when 
estimating the extent and duration of disruption. To get a conservative estimate of the 
extent of disruption, all suspect circuit breakers, transformers and other vulnerable 
equipment in the impacted zone can be circled on a system operating diagram and assumed 
to be damaged and non-functional. This information can be provided to the chief 
dispatcher, who should be able to provide a rough estimate of the expected disruption. 


It is even more difficult to estimate the duration than extent of disruption. However, 
the service manager may be able to make a rough estimate of the duration of the disruption, 
based on the number and location of damaged items, the number of spares, typical repair 
times, and emergency operating procedures that are expected to be used. Again, it is 
important to realize that much of the damaged equipment will probably be by-passed to 
restore service quickly. 


In estimating the extent and duration of disruption based on damage estimates obtained 
from seismic maps, it is important to take into account that the entire service area would 
probably not be impacted by a single event. Thus, judgment must be exercised in 
determining the impacted areas. Historic isoseismal maps given in Chapter 2 are useful in 
providing guidance. In many parts of the country, utility service areas are much smaller 
than those of the larger California utilities, hence, many of these utilities may have most or 
all of their system directly impacted by a single event. 


4.2.2.4 Estimate of Damage Reduction to be Achieved by a Long-Term Mitigation 
Program 


Damage reduction results from better seismic practices applied to facilities over a period 
of several decades, as older facilities are refurbished and new facilities are constructed. 
Because of the large physical plant characteristic of most utilities, it will take a long time 
after good practices are instituted before a significant part of the system incorporates good 
seismic practices. The implementation of IEEE Standard 693 should improve the seismic 
performance of substation equipment. However, utilities must be diligent in the use of 
seismic specifications in purchase orders and the application of recommendations contained 
in this and other guides. Reference should be made to Sections 4.44 and 4.5.5. 


Evaluation of long-term benefits should take into account facilities that are not normally 
upgraded, such as substation control houses and other utility structures. The failure of 
these structures can have an impact on disruption that is significantly greater than the direct 
losses associated with their damage. 
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4.2.2.5 Identification of Benefits to be Achieved In the Area of Risk Management 


One of the benefits of improved earthquake resistance of facilities and a realistic 
assessment of their true vulnerability is potential reduction in insurance costs associated 
with risk management. Technical guidance in this area should be available within the risk 
management group at the utility. 


4.2.2.6 Identification of Ancillary Benefits Derived from A Mitigation Program 


Ancillary benefits that may be derived from improved earthquake resistance include 
reduced loss of service, fewer injuries to personnel, reduced liability for effects of service 
disruption, and reduced risk of governmental intervention resulting from a poor system 
response. These cost savings, over the long-term, may be much larger than those from 
preventing direct losses due to equipment damage in a given earthquake. However, 
ancillary benefits are difficult to quantify. 


4.3 Earthquake Planning 


Power companies are organized and have experience to manage small and moderate 
emergencies which may occur often. On an annual basis, major storms can elicit a major 
emergency response. Because of this, there may be a tendency to think that earthquakes 
can be addressed as just another of the many disasters, such as floods, wind storms, or ice 
storms visited upon power systems. However, earthquakes impact a utility in a 
significantly different manner than other disasters. The major difference between 
earthquake damage and damage due to more common emergencies is that substations are 
damaged rather than distribution lines. The scale of a disastrous earthquake related 
emergency will far exceed any of the emergencies that most emergency response plans are 
designed to handle. Most utility personnel will never experience a major earthquake 
emergency in their entire professional career with a utility. The damage and disruption 
caused by a large earthquake, or by a very severe hurricane like Andrew, require a disaster 
plan that focus on the unique problems associated with earthquakes and very severe 
storms. These unique problems include damaged substation equipment, and disruption to 
transportation, communication, and other lifeline systems. | 


The development of a disaster response plan is particularly important in the early stages 
of a long-term earthquake mitigation program, because the utility is most vulnerable during 
this period. Because each type of disaster, be it a large earthquake, a 500-year flood, or a 
100-year ice storm, has unique features, some aspects of the plan should address each of 
these unique issues. The disaster response plan may require the development of some new 
facilities, such as an emergency operations center. 


A good plan will prove invaluable in managing an emergency. An important added 
benefit in developing emergency response plans is derived through the discussion of issues 
and the interaction of the players and stakeholders in the generation of the plan, besides the 
plan itself. Earthquake planning is, however, more than an emergency response plan. The 
plan has to be exercised, and support facilities, such as the emergency operations center 
and enhanced communications, must be developed. | 
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4.3.1 Disaster Response Plans 


Emergency response plans should be reviewed from the perspective of the unique 
problems associated with earthquakes. Because of the potential magnitude of the damage 
and disruption following a major earthquake, response plans are referred to here as disaster 
response plans to distinguish them from the other emergency response plans that most 
utilities already have in place. The term disaster implies a much larger and more damaging 
event. While disasters are not limited to earthquakes, as demonstrated by hurricane 
Andrew, the issues that should be addressed in a disaster response plan far exceed those 
addressed by even severe emergencies. 


Many items in a disaster response plan will be the same for different types of disasters. 
The need to plan and develop an emergency operations center, the need to enhance 
communication systems, and the need for a corporate recovery plan will be similar for most 
disasters. 


Disaster plans should be exercised annually. One value of such exercises is that flaws 
in the plan may be identified. Another is that individuals who participate in the exercise 
will be reminded of what roles they will play in a disaster response situation and will have 
an Opportunity to interact with and get to know other participants whom they normally 
would not encounter. Thirdly, management can be brought into the exercise so their 
awareness and support can be maintained. 


4.3.2 Corporate Recovery Plans 


A major earthquake may have a large impact on business operations as well as on 
electrical operations. Repairs may require large, unanticipated capital expenditures and 
damage to the system or to customer facilities, and hence a loss of revenue. Recent 
earthquakes provide examples of actual direct losses to power utilities to repair or replace 
damaged equipment and restore service. The 1989 Loma Prieta earthquake, centered south 
of San Francisco, caused about $100 million in damage, and the 1994 Northridge 
earthquake in southern California had over $180, million in damage. Not included in these 
figures are other financial losses due to the loss of revenue from system disruption and the 
need to purchase expensive make-up power. Clearly, corporate finance is directly and 
significantly affected and adequate planning for the impacts of a major earthquake can 
improve the utility's response to such events. 


4.3.3 Evaluation of System Vulnerabilities 


Most mitigation measures are directed at details, such as equipment anchorage and 
installation practices. There is also a need to look at broader system issues, such as the 
vulnerability of particularly important substations, energy control center, and the number 
and storage of spare parts. 


4.3.4 Emergency Operation Center 


The disaster response plan will require the creation of an emergency operations center. 
The experiences of the utilities in hurricane Andrew, and following the Loma Prieta and 
Northridge earthquakes have advanced the state of the art in dealing with disasters, and 
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many lessons have been learned. As a result, changes have been made in the organization 
and operation of emergency operations centers, staffing and physical layout. 


4.3.5 Alternate Energy Control Center 


California utilities have created alternate energy control centers in seismically less 
vulnerable locations to enhance system reliability Ifa building housing an energy control 
center appears to have structural damage, building inspectors may "tag" the building as 
unsafe until a detailed inspection is performed. Notwithstanding the pleading of utility 
management, access to critical facilities almost certainly will be denied by police. Of 
course, if a structure is severely damaged a utility would not consider putting their 
personnel at risk. 


Some energy control centers would be difficult for personnel to access if the earthquake 
damages the transportation system as expected. If transportation is disrupted, an alternate 
energy control center could be used even if the primary center is not damaged. The 
selection of an alternate control center should consider ready access to the facility by utility 
personnel after an earthquake. 


4.4 Earthquake Mitigation 


The implementation of an earthquake mitigation program will lead to a progressive 
improvement in the seismic ruggedness of power facilities in a cost-effective and 
manageable way and will improve the earthquake response by reducing damage. The 
approach suggested in this document is to initiate the use of good seismic design practices 
for new facilities and older facilities undergoing normal renovation. Simple measures can 
be used that have been shown to be effective in improving seismic performance. For 
certain facilities or equipment, for which malfunction would be very disruptive, expedited 
seismic retrofit may be justified. Finally, there are some power system elements that are 
not routinely refurbished, such as the structural systems in substation control houses and 
the building that contains the energy control center. The seismic risks of these facilities 
should be evaluated and a long-term seismic upgrading program established. 


Several of the tasks that make up a mitigation program are generally carried out in 
parallel. Examples include updating the manual of practice, identifying system 
vulnerabilities, retrofitting items with high benefit-cost ratios, and incorporating good 
seismic practices in normal renovation and new construction. 


Because retrofitting facilities is, in general, not very cost effective, the number of 
retrofitting tasks will probably be relatively small. One common cost-effective retrofitting 
task is the anchoring of transmission transformers. 


The majority of the effort to improve the earthquake performance of the system will be 
done in the course of normal system renovation. The key to this process is to establish and 
implement good earthquake practices for new facilities and for routine upgrading of older 
facilities. 


The elements of a mitigation program to reduce damage are listed below. 


¢ Upgrading manuals of practice to incorporate good seismic design practices 
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¢ Assessing the vulnerability of power system facilities 
- Implementing a mitigation plan 
* Periodically reviewing and revising the mitigation program 


The seismic mitigation program involves many tasks, some of which may be performed 
in parallel. For a given task, for example, retrofitting items with a high benefit-cost ratio, 
one could agonize over the optimum order in which different items should be retrofitted. 
An issue more important than prioritization is that a program be started. Prioritization of 
mitigation actions will be significantly influenced by existing design and installation 
practices and the perceptions of the individuals managing and implementing the program. 
Upgrading the manual of practice should be given high priority so that good installation 
procedures are used for new construction. 


4.4.1 Implementing High Benefit/Cost Tasks 


After the evaluation of hazards and vulnerabilities, certain mitigation tasks may be 
obvious because of their high benefit-cost ratio; for these tasks retrofitting can proceed 
without formulating an entire mitigation plan. 


Some vulnerabilities exist for which the benefit-cost ratio is so large that a detailed 
analysis of risk is not necessary. An example provision of adequate backup power at 
power generating stations. Emergency batteries or standby power at a generating station 
play a vital role immediately after an earthquake. It is very common to lose off-site power, 
and damage to switchyards may force the generating unit off line. If this occurs, power 
will not be available to operate the bearing-lubricating pumps and the turning gear as the 
turbine slows. Without adequate lubrication, the main bearings will be damaged. The loss 
of the turning gear will result in deformation of the turbine shaft as it cools. These 
unfortunate events have occurred at more than one facility following moderate and small 
earthquakes. A simple review of the system may identify these items that should be given 
very high priority for correction. 


4.4.2 Seismically Upgrading Manuals of Practice 


The manual of practice as defined in this document is the collection of a utility's 
standards to be used for site evaluation, selection, and preparation, substation layout, 
standard clauses incorporated into equipment purchase order specifications, detailed 
engineering drawings of equipment anchorage, and conductor stringing practices in 
substations. 


It is vital that good seismic design practices be explicitly defined and incorporated into 
the manual of practice. Good design details for the installation of equipment in manuals of 
practice set the stage for long-term improvements in the earthquake response of a utility. It 
is the institutionalization of good practice into the normal practice of a utility that will assure 
the long-term success of the earthquake mitigation program. 


4.4.2.1 Site Selection and Preparation 


Many factors must be considered in the selection of a power facility site. In the past 
seismic vulnerability has generally not been a high priority or even a consideration. 
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However, it is important that seismic vulnerability be considered in power facility site 
selection. In many areas of the country the future expansion of power facilities will be at 
existing sites. It is important that seismic vulnerability be given higher priority than 
currently at these sites as they are expanded and become more important to the utility's 
earthquake performance. If the cost of site remediation needed to make the site seismically 
acceptable is incorporated into the selection process, other less vulnerable sites may become 
preferable. 


On sites that require cut-and-fill in their preparation, proper compaction on fill parts of 
the site must be performed and discontinuity at the boundary between the cut and fill should 
be considered in arranging the buildings and equipment on the site. 


Consideration of these aspects of site selection and design should be incorporated into 
the manual of practice. 


4.4.2.2 Facility Layout 


The manual of practice should identify features in the facility layout that may impact its 
earthquake performance. For example, the potential for soil deformation at boundaries 
between cut and fill areas and due to lateral spreading should be incorporated into facility 
layout. Other features to consider in the site layout include the spacing of equipment so that 
adequate bus flexibility can be provided and excessively long conductor runs can be 
avoided. 


Manuals of practice should also mandate that seismic review of site layouts be done 
early in the design cycle so that good seismic practices can be incorporated before planning 
is completed. 


4.4.2.3 Seismic Specifications for Equipment 


The establishment and implementation of IEEE Standard 693 greatly simplifies the 
process of setting seismic specifications for substation equipment and obtaining equipment 
that satisfies the specifications. This standard provides guidance for the seismic 
qualification of substation equipment. 


Utilities should provide seismic specifications or select equipment that is known to have 
good seismic performance for new or upgraded facilities. For example, key circuit 
breakers that form a critical power path through the facility should be given special 
consideration for important facilities. IEEE Standard 693-1997 provides a simpler process 
than was historically used, where qualification was done on a site-by-site basis. 


4.4.2.4 Installation Practices 


Many of the changes to improve the manuals of practice will be related to methods of 
installing equipment. Manuals of practice should explicitly specify details that are 
important to earthquake performance of facilities. Installation practices include proper 
torquing of bolts, leveling equipment, and conductoring. Anchorage drawings for 
equipment should be based on the Seismic Outline Drawings required in IEEE Standard 
693 that specify anchorage loads. Drawings should specify the details of how conductors 
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are to be connected to the equipment, including provisions for connection flexibility. 
Examples of good seismic design practices are provided in this document. 


4.4.2.5 Seismic Quality Assurance 


Individuals as well as organizations are resistant to change: they tend to do things in the 
future as they have done them in the past. Improved earthquake performance will require 
that new practices be used to implement the lessons learned from earthquake damage. 
Thus, seismic quality assurance must be done by specialists to check engineering drawings 
and field construction to assure that current, well though out seismic practices are being 
followed. 


At the engineering level, engineering drawings should be given a seismic review. That 
is, an engineer who is familiar with good seismic practices should review the engineering 
drawings to assure that they reflect current practices related to site layout and equipment 
installation. In addition to incorporating the recommendations put forward in this 
document, it is importance to review the load path that is needed to resist seismic-induced 
loads. 


It is particularly important to inspect construction for conformance to new seismic 
practices during the initial phases of an earthquake mitigation program to assure that the 
new practices are actually used. For example, tradespeople may use older "standard" 
installation details without referring to new drawings; unless an effort is made to monitor 
new practices, older, inadequate installation practices may continue to be used. 


Engineering seismic specialists (See Section 4.5.5) should review the seismic 
qualification reports carefully to assure that the equipment meets the seismic specifications. 
Historically, many utilities have assumed that the reports were correct and adequate. The 
reports should be checked by a seismic specialist within the utility or by an independent 
representative designated by the utility. 


4.4.3 Detailed Vulnerability Assessment of System Facilities 


Before a mitigation plan can be implemented a detailed assessment of the facilities at 
risk must be done. This will require that all facilities be evaluated. However, not all 
facilities need be evaluated prior to initiating a mitigation plan. Many facilities have 
historically performed well and their evaluation can be postponed to later in the 
implementation process. Examples of facilities for which the evaluation could be delayed 
might include transmission towers, low-voltage substations, and power-generation 
stations. A selective assessment of these low-risk facilities may be appropriate. For 
example, a review of the anchorage of power transformers at large low-voltage substations 
and at power-generating stations may be appropriate. 


Since the proposed approach calls for relatively little retrofitting, only those vulnerable 
items that might require retrofitting need to be evaluated. For example, backup power and 
the anchorage of power transformers at substations and generating stations should be 
evaluated. Thus, not all equipment in the entire system needs to be evaluated before a 
mitigation implementation plan is formulated. 
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4.4.4 Implementation of Mitigation Plan 


Several mitigation tasks can be identified. Some will be executed in parallel and others 
will be implemented later in the program, as funds become available. For example, 
manuals of practice may be upgraded in parallel with disaster planning, while good 
practices are used as new facilities are constructed in the future. 


4.4.4.1 Incorporate Good Seismic Practices in Normal Facility Renovation and New 
Construction 


It is vital that the renovation of existing facilities and new construction incorporate good 
seismic practices. This is the fundamental premise for the suggested approach. Thus, it is 
important that manuals of practice be updated to reflect good practice. 


4.4.4.2 Retrofit of Selected High Benefit-Cost Items 


Items with a high benefit-cost ratio should be retrofitted. Examples are the anchoring 
of emergency batteries and transmission transformers. Because of the low cost, retrofitting 
inadequate anchorage is often cost-effective. However, the decision to retrofit equipment 
should be made on a case by case basis where the cost of retrofitting and consequences of 
failure are considered. 


4.4.4.3, Considering Seismic Vulnerability in Prioritizing Normal Renovation Schedule 


High priority should be given to replacing equipment which is known to perform 
poorly and the failure of which would cause secondary damage or large disruptions. 


4.4.4.4 Taking Advantage of Upgrading Opportunities that Present Themselves 


Make minor upgrades that can improve seismic performance in the course of normal 
maintenance as opportunities present themselves. For example, the performance of some 
friction-clip equipment anchors has been poor. Welding of the clip to the equipment can 
significantly improve its performance. Thus, when welding equipment is scheduled to be 
used at a specific substation, this opportunity should be used to weld the friction clips on 
the most vulnerable equipment. 


4.4.4.5 System Review and Seismic Hardened Power Paths 


Some California utilities have implemented selective upgrading of some of their 
facilities to improve system earthquake performance. An evaluation of the system may 
indicate that one or more critical substations are vulnerable to damage. Rather than replace 
the entire substation, the seismic hardening of a critical power path through important 
substations can provide significant protection at relatively little cost. This will reduce the 
risk of long-term disruptions, and may even avoid disruptions entirely. For example, at a 
key 230kV to 115 kV substation, the vulnerable 230 kV circuit breakers and disconnect 
switches that feed the 115/230 transformer bank could be replaced with seismically robust 
units. As a result, the 115 kV bus could remain energized. As will be discussed latter, the 
115 kV system is inherently seismically rugged. 
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4.4.4.6 Upgrading Facilities Not Normally Renovated 


In the normal course of development, some facilities are not renovated. For example, 
the structural systems of control house buildings and the structure that houses the energy 
control center are usually not modified when the equipment they contain is periodically 
replaced. These and other structures that affect personnel safety should be upgraded if 
necessary. Examples include service center buildings, corporate offices, and structures that 
house the engineering departments and the trouble board operations. It is necessary to 
identify risks associated with structural vulnerabilities and establish a long-term seismic 
upgrading program. 


4.4.5 Periodic Review and Revision of Mitigation Program 


Any program that is designed to last for several decades will need to be periodically 
reviewed and revised. Earthquakes may provide new lessons that will need to be 
incorporated into manuals of practice. The improved understanding of earthquake risks 
may change the urgency with which mitigation measures should be implemented, as 
recently occurred in the Northwest with the discovery that large subduction earthquakes 
have occurred and there is the potential for a Magnitude 9 earthquake. It is suggested that 
the program be formally reviewed every 5 years unless changing circumstances require 
more frequent review. This review should determine if there has been any significant 
change in the understanding of the seismic hazards, if recommended seismic practices have 
changed, and if, because of the evolution of equipment design, there are differences in the 
seismic ruggedness of equipment that would change the vulnerability of the power system. 


4.5 Comments on Implementing an Earthquake Damage Mitigation Program 
4.5.1 Initiating an Earthquake Mitigation Program 


Contemplating the initiation of an earthquake mitigation program for a utility can be 
overwhelming. Most utilities have a physical plant with a replacement value of billions of 
dollars, most of which was constructed with little or no consideration given to earthquakes. 
Because of limited resources it is very important that the mitigation program be approached 
in a gradual and orderly manner so that meaningful inroads can be made into improving 
earthquake performance. It should be emphasized that the approach suggested here may 
not be the optimal or most efficient way to address the problem for every situation. The 
resources needed to conduct an evaluation of the system to optimize an earthquake 
mitigation effort are substantial and may not be consistent with the low cost methods 
suggested here. What is important is that the effort be started and sustained. 


4.5.2 Commitment of Top Management Is Needed 


While decisions to improve the earthquake resistance of power systems can be made at 
lower administrative levels within an organization, the support of top management is 
required to institutionalize a mitigation program. Changes in design practices and 
equipment specifications, development and exercise of disaster response plans, and 
changes in manuals of practice all require high level management decisions. The best 
approach is to get top management involved and committed from the start of the effort. 
Getting management support requires that the vulnerabilities, mitigation measures, and the 
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cost as well as benefit of a mitigation program be understood and communicated to 
management in terms that are understandable and relevant to their perspective. 


In approaching management it is important to emphasize the differences in the proposed 
methods for dealing with earthquake risk mitigation and those associated with the nuclear 
power industry. Unfortunately, measures to reduce the impact of earthquakes can carry 
with them a history of seismic problems encountered in nuclear power plant construction. 
In many cases, seismic requirements associated with nuclear plants were costly and in 
some cases even counterproductive. Also, potential difficulties in dealing with outside 
organizations, such as the Nuclear Regulatory Commission, are avoided. It is vital to 
emphasize that the proposed earthquake mitigation program is under the control and 
direction of the utility and is based on cost-effectiveness. The problems that many utilities 
had relative to earthquake requirements in construction of nuclear generating facilities are 
not applicable to the facilities of concern here. 


To justify an earthquake mitigation program detailed benefit-cost analysis associated 
with the cost of repairing or replacing equipment, the potential lost revenues, and the 
indirect cost to the community could be performed. However, detailed analysis of all 
elements is necessary prior to initiating a program. First, the cost of doing detailed, 
accurate benefit-cost studies may be comparable to the initial stages of implementing the 
program. In many regions, the probability of scenario events that are considered is so low 
that costly efforts cannot be justified. 


Many of the mitigation measures suggested here are low cost and can be justified on the 
basis of "engineering judgment”, rather than formal analysis. It is for this reason that the 
emphasis is on new construction rather than retrofitting. However, there are many cases 
where retrofitting can be justified. The loss of station batteries at a generating station can 
result in turbine bearings damage and turbine shaft distortion. A detailed analysis is not 
required to compare the cost of a seismically adequate battery rack to the damage and 
downtime of a large turbine costing about $100 million. 


4.5.3 Cost Effectiveness 


Two key elements for an effective earthquake hazard mitigation program are as follows: 
the entire program must be cost-effective and the mitigation measures must be 
institutionalized. In this way, good practices become part of standard design and 
construction practices so that a crusade is not require for every mitigation measure. While a 
continuing effort will be needed to update methods and address issues as new information 
becomes available, much of the program once it is instituted should be self-sustaining. For 
example, if a policy is established to anchor transformers for new construction it would, 
over time, yield a system in which all transformers are anchored. 


The key to a cost-effective mitigation program is a strong emphasis on improving the 
earthquake resistance of new facilities and incorporating good practices in routine upgrades 
and refurbishment. Retrofit activities should be limited to those items which pose an 
unacceptable risk in light of their high benefit-cost ratio. 
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4.5.4 Maintaining Mitigation Program 


In recent years, California has had the "advantage" of experiencing a damaging 
earthquake every few years. Thus, earthquake issues continually reassert themselves. In 
regions with less seismic activity the long-term maintenance of a mitigation program is 
more difficult. The support of utility management is vital to the long-term maintenance of 
an earthquake mitigation program. In the early phases of the program it is important that 
management and other groups, such as procurement, be informed of the importance and 
benefits of earthquake mitigation. 


Three things can be done to maintain the momentum of a mitigation program. 


First, the program should be institutionalized by insuring that critical features are 
embedded in manuals of practice. In this way, the characteristic of organizations to resist 
change works to the advantage of the mitigation program. 


Second, it is important that oversight of the program be a major responsibility of one or 
more individuals so that there is someone to continue to pursue the program objectives. In 
less seismically active areas and in smaller utilities oversight of an earthquake mitigation 
program may not be the sole responsibility of a single individual. However, it is vital that 
the individual(s) have management support and all employees, office and field personnel 
alike, know that the seismic specialist's (See Section 4.5.5) recommendations should be 
followed. In the current utility environment of downsizing and increased work loads, more 
immediate problems may push aside the earthquake mitigation program. 


Third, the mitigation program should have well identified milestones with a schedule 
for their completion. 


An important part of the maintenance, effectiveness and quality assurance of an 
earthquake mitigation program would be to train maintenance personne] on issues that relate 
to good earthquake performance. 


4.5.5 Seismic Design Engineering 


Seismic design is usually done by a licensed civil engineer (in some states with a 
specialty in structural engineering, design is done by a licensed structural engineer). 
Although practices vary among utilities, within the power industry many design features 
which are important for good earthquake performance of substations are designed by 
individuals with little understanding of earthquakes or their effects. Worse, certain 
important tasks are handed off to tradespeople without guidance. For example, the slack 
and flexibility of conductors connecting substation equipment is often left to the discretion 
of tradespeople. The design of conductor connections and the selection of porcelain 
supports is often done by electrical engineers with little consideration given to potential 
earthquake dynamic response or loads. 


It is difficult to specify appropriate credentials for the individual(s) who should be 
responsible for seismic design. In this document it is assumed that the design of power 
facilities or the installation of equipment is to be done by an individual or individuals who 
are familiar with good seismic design practices used in electric power transmission systems 
and who takes into account issues that affect the earthquake performance of equipment and 
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facilities. This may require several disciplines working together to ensure that the reliability 
of the system and equipment are evaluated thoroughly. 


After a damaging earthquake, damaged equipment is removed as quickly as possible 
SO service can be restored. The in-house availability of knowledgeable engineers to assess 
damage while the evidence is still available is vital so that the industry can learn from 
earthquake experience. 
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CHAPTER 5 
SUBSTATIONS 


RECOMMENDATIONS - RETROFITTING AND NEW CONSTRUCTION 


Seismic impact loads due to flexible equipment anchorage, oversize bolt holes, or 
inadequate flexibility in conductor connections should be avoided. (5.5.1) 


Equipment anchorage should have adequate strength to resist pull out and shear 
loads and be stiff. The design of an anchor should consider the entire load path 
from the equipment to the foundations. Anchorage design should consider shear, 
vertical accelerations, overturning moments, prying action, and torsion due to 
eccentricities. High strength bolts should be avoided as ductile action in the bolts is 
desirable. (5.5.2) 


If bolted anchors are used for heavy switchyard equipment, oversize bolt holes 
should be avoided, or welded plate washers should be used, to provide lateral 
restraint to connections. (5.5.2) 


The anchorage of control cabinets should be through the frame of the cabinet. 
Cabinets lacking frames should use plate washers to prevent sheetmetal from 
tearing. (5.5.2) 


The placement of anchors and the equipment configuration should avoid prying 
action on bolts or welds. (5.5.2) 


Expansion anchors used to anchor control-house equipment racks should be at least 
1/2 inch in diameter and satisfy the building code.(5.5.2) 


The use of cast aluminum hardware should be designed to take brittle failure into 
account.(3.2-5,-).0.35.1) 


Adequate flexibility should be provided to conductor connections to accommodate 
earthquake induced motion of conductor anchor points. (5.6.4) 


Positioning the upper attachment points on vertical conductor drops can maintain 
adequate phase-to-phase separation even when generous slack is provided to 
conductors. (5.6.4) 


Where site conditions indicate the potential for soil-structure interaction, cost- 
effective measures should be evaluated to mitigate damage to transformers. 
Pera?) 
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RECOMMENDATIONS - RETROFITTING AND NEW CONSTRUCTION 
Power Transformers — Anchorage 


The foundation slab must be thick enough for embedments to develop the 
needed pull-out strength. (5.7.2.5.1) 


The area of the foundation slab or the use of piles must be such that the bearing 
capacity of the soil is not exceeded. Where appropriate, the soil under the 
transformer should be compacted prior to pouring the foundation and poor soils 
may need to be replaced with engineered fill. (5.7.2.5.1 ) 


The foundation slab dimensions should be designed to withstand overturning 
moments. (5./.2.0,1) 


The foundation slab must be strong enough to withstand bending moments for 
that part of the slab that extends outside the transformer footprint. (5.7.2.5.1 ) 


Where conditions for soil-structure interaction exist, various options to reduce 
potential impacts should be considered. These would include providing 
generous slack to conductor connections, using seismically robust bushings, or 
maintaining a stock of spare bushings. Under special circumstances using 
piers, piles, or other means to control foundation movements can be 
CONSIGETCRM (3 722-12) 


Anchorage design should consider the strength and stiffness of the entire load 
Path (51225) 


Embedment plates must be stiff enough to prevent welds from tearing the plate, 
to distribute load to headed studs or other means of securing the plate to the 
foundation slab, and to avoid unacceptable thermal deformation during concrete 
Sung (oa s2.5u2) 


Voids in concrete trapped under embedments should be avoided. (5.7.2.5.2) 


When used for anchoring, studs should be headed rather than "L” or "J" bolts. 
(5.7.2.5.2) 


Welds to embedments should be designed to avoid stress concentrations that 
could cause the weld to "unzip." (5.7.2.2.3) 


Welds should be designed to accommodate differences in stiffness of the 
members along the weld length, and bending along the axis of the weld should 
be avoided. (5.7.2.2.3) 


Caution should be used in welding to the transformer case to achieve good 
penetration without overheating. (5.7.2.2.3) 


When anchoring to an existing foundation slab, grouted, adhesive, or undercut 
expansion bolts should be used. (5.7.2.2.3) 
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RECOMMENDATIONS - RETROFITTING AND NEW CONSTRUCTION 


Power Transformers — Bushings 


Providing flexible conductor connections to transformer bushings may improve 
their performance. (5.7.3.2) 


For critical circuits, seismically robust bushings should be considered. (5.7.3) 


Conductor connections between bushings and lightning arresters should be 
made so that lightning arrester failure does not adversely affect bushings. See 
Section 5.9, Lightning Arresters. 


Power Transformers — Radiators 


Radiators should be braced to reduce moments on pipe connections that 
penetrate the transformer case. (5.7.4.2) 


For self-supported radiators, connections between the radiator and transformer 
should have adequate flexibility. (5.7.4.2) 


Power Transformers — Conservators 


The load path of conservators should be capable of supporting the conservator. 
(aio) 


Piping connections between the conservator and the transformer case should 
have adequate flexibility to accommodate the dynamic motion of the 
conservator. (5.7.5.5) 


Power Transformers — Tertiary Bushings and Surge Arresters 


The amount of slack or flexibility of tertiary bus interconnections should be 
compatible with the deflections of the tertiary bus support structure and rocking 
of the transformer from soil-structure interaction. (5.7.6.2) 


Power Transformers — Transfer Busses 


Transfer bus porcelain supports should be able to accommodate the loads 
associated with the deformation of tall bus support structures. (5.7.7.2) 


Distribution transformers mounted on pole-supported platforms should be 
restrained to their platform. (5.8.2) 


Lightning arrester conductors should be positioned to reduce the risk to transformer 
bushings should the arrester fail. (5.9.4) 


Post used to support lightning arresters, conductor, and instrumentation 
transformers should be provided with stiff base details. (5.9.4) 


Station transformers should be anchored. (5.17.4) 
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RECOMMENDATIONS - RETROFITTING AND NEW CONSTRUCTION 


Substation control houses should be included in mitigation plans so that they 
eventually are upgraded or replaced to conform to modern building code 
requirements. Special consideration should be given to their post earthquake 
operability. (5.18.4) 


Oil storage tanks should be anchored. (5.19.2) 


RECOMMENDATIONS - RETROFITTING 


The use of friction clips for equipment anchorage is not recommended. Welding of 
the clip to the equipment which it is anchoring can improve its seismic performance. 
eel p 219) 


The use of restraint bands around the porcelain-flange joint of transformer bushings 
may prevent porcelain from slipping and gaskets from being displaced. (5.7.3.2) 


The use of transformer lifting lugs should be considered as anchoring points when 
retrofitting transformer anchorages. (5.7.2.2.3) 


RECOMMENDATIONS - NEW CONSTRUCTION 


The preferred method of anchoring heavy switchyard equipment is to weld it to 
foundation embedments. (5.5.2, 5.7.2.5) 


It is recommended that disconnect switches be tested at the desired performance 
level for their seismic qualification. (5.13.4) 


Indeterminate structures fabricated from post insulators, such as large capacitor 
racks, should use post insulators of the same length or shims to equalize their 
length. (5.16.3) 


Transmission and distribution substations have similar types of equipment that serve 
similar functions, so they will be discussed as a group. In addition, switchyards associated 
with power generating stations and switching substations have equipment similar to typical 
transmission substations and are also included in this section even though some of these 
facilities may not have all of the components discussed in this section. For example, 
switching substations do not have power transformers. 


This chapter is organized with introductory sections that provide an overview of the 
configuration and function of substations and their components, a review of the effects of 
earthquakes on substations, a brief discussion of design criteria referenced in other 
standards, and a review of common failure modes of substation components. 


There is a section for each of the major classes of equipment. The facilities and 
equipment classes discussed are busses, conductors and their supports, power 
transformers, lightning arresters, current transformers, current-voltage and potential 
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transformers, circuit breakers, disconnect switches, circuit switchers, wave traps, voltage 
support and power factor correction devices, station power, substation control houses and 
their contents, and miscellaneous facilities. The equipment sections generally have five 
parts. The first part contains a brief general description of the equipment and its function. 
The second part reviews earthquake performance of the equipment. The third part 
discusses mitigation and retrofit methods. The fourth part describes post-earthquake 
emergency operating procedures associated with the equipment. The fifth and last part 
recommends good practices for the installation of new equipment. 


Sed Overview of Substations 


Substations serve several functions. They provide protection to transmission and 
distribution lines and the equipment within the substation. This is done with protective 
devices that sense abnormal system operating conditions and trigger other devices to isolate 
the lines or the equipment. Most substations provide for the transfer of power between 
different voltage levels through the use of power transformers. Substations also provide a 
means of reconfiguring the power network. There are other functions performed at 
substations that support the primary operations or meet other power system needs. For 
example, there are control consoles, station batteries, and monitoring, recording, and 
communications equipment. 


The overall earthquake performance of substations and their equipment has been mixed. 
Equipment in substations operating at or below 115 kV has performed well when properly 
anchored. The performance of equipment operating at or above 220 kV is dependent on the 
specific equipment at substations and installation practices. The performance of equipment 
operating at voltages between these values is not known, as little or no equipment in this 
range has experienced significant earthquake excitations. 


There have been ten earthquakes since 1971 that have damaged United States 
substations. They have demonstrated the vulnerability of a broad range of substation 
equipment and facilities. Most of the damaging earthquakes were light or moderate and 
damage was limited so that the high level of redundancy designed into substations enabled 
the substation to continue operation with little or no disruption. There have been two large 
earthquakes in which several substations were damaged. In a few cases, where substation 
equipment damage was so great that substation redundancy was overwhelmed, redundancy 
in the network was able to compensate for the loss of substation functions. There have 
been cases where there was severe damage to parts of the substation, and to meet network 
needs, the damaged high voltage switchyard was bypassed so that transformers could be 
energized and power restored to the low-voltage switchyard. The measures used by 
utilities to overcome substation damage have been very effective and they are discussed 
below. System performance has been good in the face of significant substation damage 
because of system redundancies and the ingenuity of utility personnel to work around 
substation damage. 


Soil liquefaction has contributed to substation equipment damage. Most power facility 
sites that have experienced earthquakes in the United States have had a low soil liquefaction 
potential. At those sites where liquefaction has occurred, it has not been severe. The 
potential impact of liquefaction in other parts of the United States, where soil liquefaction 


61 


potential is much higher, is not known. Soil liquefaction may lower vibration levels; 
however, subsidence and lateral spreading may impose large interaction loads on 
equipment conductor connections. 


Soil liquefaction should be considered in site selection along with the many other 
constraints that must be considered. The availability of land that is near power line nghts- 
of-way and other constraints may require that less than optimal sites be used. If the cost of 
soil remediation is considered in site selection, sites with better soil conditions may be 
selected. Fortunately, for most substation equipment, foundation loads are low and the 
lowering of vibration frequencies that accompany soil liquefaction may reduce the effective 
excitation level experienced by equipment. 


The above overall evaluation of substation seismic performance is based only on 
moderate and large earthquakes. The United States has not yet experienced a major or great 
earthquake centered in a modern, major metropolitan area. 


5.2 Substation Configuration and Components 


Most substations contain one or more banks of transformers located between high and 
lower-voltage switchyards. Switchyards are usually configured in one of four forms: 
double-bus-breaker-and-a-half, double-bus-double-breaker, double-bus-single-breaker, or 
ring bus. These bus configurations are discussed in more detail in Appendix C. 

Figure 5.1 shows a schematic diagram of part of a transmission substation that utilizes a 
breaker-and-a-half bus configuration. All of these designs provide some degree of 
redundancy so that if any component fails, service can be quickly restored. The high 
degree of redundancy has been included to enhance system reliability in the face of many 
possible contingencies. Similar configurations are used in all parts of the country, so 
earthquake risk has not been a driving force for this conservative approach, but this design 
has improved substation seismic response. 
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Figure 5.1 Schematic diagram of part of a transmission substation configured with 
a breaker-and-a-half bus. 


Switchyards usually have dead-end structures supporting transmission lines, busses 
and bus support structures, potential transformers, current-voltage transformers, wave 
traps, disconnect switches, circuit breakers, current transformers, bus-partitioning devices 
(circuit breakers or disconnect switches), and a control house. Some systems are 
configured with two busses connected to one or more transformer banks for enhanced 
reliability. A transformer bank made up of single-phase transformers often has a spare 
transformer and a transfer bus so that the spare transformer can quickly replace any of the 
other transformers. 


The physical layout of a substation can influence its earthquake performance. Spacing 
between equipment can influence the conductor weight that bushings and post insulators 
have to support. In tum, this can influence conductor design and dynamic interaction 
between equipment. The location where power is connected to a bus can influence 
requirements for bus current carrying capacity. It is important that seismic issues be 
considered in the early stages of substation layout and design. There have been cases 
where substation equipment spacing was so close that it was impossible to incorporate 
adequate flexibility in conductor interconnecting equipment. 


5.3. Earthquake Effects on Substations 


This section will consider the effects of earthquake-induced vibration, soil deformation 
and ground faulting, and soil-structure interaction. 


5.3.1. Vibration 


Earthquake-induced vibration has been most damaging to substations. The high energy 
part of the frequency content of earthquake vibrations coincides with the natural frequency 
of much substation equipment. Figure 5.2 shows a free-field accelerogram recorded at the 
Sylmar Converter Station, Valve Group 7, during the 1994 Northridge earthquake and the 
resulting ground velocity and displacement. The Northridge earthquake, with a Moment 
Magnitude of 6.7, was a large earthquake with a duration of severe shaking was about 10 
seconds. The peak ground acceleration for the ground motion recorded at the substation 
was 0.93 g, the peak ground velocity was 117 cm/sec. (46 inches/sec.), and the peak 
ground displacement was 40 cm (15.7 inches). The response spectrum for this record is 
shown in Figure 5.3. The response spectra for fractions of critical damping of 0.005, 
0.01, 0.02, 0.05 and 0.10 are plotted on a tripartite graph. While many factors can 
influence the distribution of energy of an earthquake, much of the energy was concentrated 
in the frequency range from 0.5 to 3 Hz. An introductory text explaining response spectra 
and earthquake dynamic response of structures is given in [5.1]. 


5.3.2 Soil Deformation and Ground Faulting 


Soil instability can affect a substation site in several ways. Landslides and rock falls 
can occur on steep slopes adjacent to a substation, but damage from these sources has not 
been observed. Subsidence, and soil liquefaction can cause the surface of the site to settle, 
and lateral spreading can cause horizontal movements and cracks in the ground to open. 
These effects have been observed. Uniform subsidence would probably have little impact 
on a substation. However, on sites with poor soil conditions, large structures such as bus 
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Figure 5.2 Acceleration, velocity and displacement time history of ground motion 
recorded at the Sylmar Converter Station during the Northridge earthquake. 


support structures are often supported on piles or piers that extend to competent strata. In 
an earthquake, these structures will not settle while slab-supported equipment will settle 
with the ground. Figure 5.4 shows a low voltage, gas insulated circuit breaker with 
damaged bushings in the Kobe, Japan, earthquake. The conductor drops to the bushings 
pulled the bushings from the circuit breaker when the ground settled about 30 cm (1 foot). 
The bus-support structure was on piles and did not move. Preventing this type of damage 
can be difficult because providing adequate slack to vertical conductors would allow so 
much lateral movement that phase-to-phase separation may be violated. 


Granular, water-saturated, low-cohesive soils can liquefy so that the soil loses its 
bearing capacity. Lateral spreading can cause large movements that open up cracks in the 
soil surface. Figure 5.5 shows a lightning arrester and its support structure tilted due to 
deformation of the soil. A more striking example of foundation movements when soil has 
liquefied is shown in Figure 5.6. This dead-end structure supports the transmission line 
entering the substation. The pier supporting this tower is 10 m (34 feet) deep, but was still 
inadequate to prevent the tower from shifting. Figure 5.7 shows a crack in the site that 
opened about 30 cm (1 foot) due to lateral spreading. The increased separation between 
equipment increases interaction forces applied by the conductors to bushings or post 
insulators and can cause damage. 
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Figure 5.3 Response spectra of the record shown in Figure 5.2. The spectra for 
damping ratios of 0.005, 0.01, 0.02, 0.05, and 0.10 are shown. 


5.3.3 Soil-Structure Interaction 


There have been several cases where transformers have rocked back and forth. In 
some cases the transformers and their foundation slabs remained tilted after the earthquake. 
In other cases the foundation slabs were still level, but damage to connecting bus work 
indicated soil-structure interaction had occurred. Figure 5.8 shows the foundation slab had 
moved relative to a sidewalk adjacent to the slab. Additional material on soil-structure is 


contained in Appendix B. 
5.4 Recommended Design Criteria for Substations 


This document does not propose any seismic design criteria. For suggested seismic 
design criteria for substation equipment, refer to the Institute of Electrical and Electronic 
Engineers (IEEE) Standard 693, "Recommended Practices for Seismic Design of 
Substations [5.2]." The main thrust of Standard 693 is to establish qualification methods 
and suggest loads for three levels of earthquake hazards. Qualification methods have been 
tailored to each of the various classes of equipment found in substations. For the seismic 
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Figure 5.4 Subsidence of the site surface caused the equipment to settle. The bus 
support structure, which was on piles, did not move; this induced conductor loads 
on the bushings. 


design of substation structures, refer to the American Society of Civil Engineers (ASCE) 
design guide "Substation Structure Design Guide, [5.3]." 


There is a disadvantage to ordering equipment with special seismic qualification 
specifications. The qualification of equipment with special seismic specifications using 
analysis or testing can only be done after the equipment is designed and/or built. There 
have been several instances where it was learned late in the order cycle that the equipment 
could not satisfy seismic qualification tests or the quality of the seismic qualification 
analysis was very poor. Because of the long lead time for delivery of this specialized 
equipment, seismic specifications have often been waived because new equipment could 
not be ordered and still meet the construction schedule. The introduction and use of IEEE 
Standard 693 should largely eliminate this situation. 


The anticipated benefits of improved substation seismic design, seismic equipment 
specifications, and installation practices will be realized only if these practices are diligently 
used. Seismic design guides have been developed and promulgated with the expectation 
that they are cost effective. If these methods are not followed, the cost and disruption 
associated with earthquake damage will continue. Indeed, if damage is observed when 
improved methods and equipment are available, the perception will be that more stringent 
requirements or regulations are needed. Examples of practices that circumvent good 
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Figure 5.5 This lightning arrester tilted as a result of soil instability. 


earthquake performance include poor station layout that limits conductor flexibility, 
situations where seismic specifications are not incorporated into equipment purchase 
orders, and cases where seismically qualified equipment was not ordering because of a 
slight increase in cost, seismic specifications were waived because a construction schedule 
could not be met, or as-built facilities were not inspected to substantiate that improved 
methods were being used. 


555 Common Failures 


Before describing the equipment found in substations, several common failure modes 
will be discussed to avoid repetition. The most frequently observed and most serious 
problem is the failure of porcelain members in high voltage equipment. Other common 


67 


2 


Figure 5.6 The 10 m (34 foot) deep pier supporting this dead-end transmission line 
tower at a substation tilted when the soil liquefied. 


failures have involved equipment anchorage, batteries and battery racks for emergency or 
station power, and various types of liquid storage tanks. There have also been failures of 
cast-aluminum hardware used to fabricate conductors and busses. 


5.5.1 Failures of Porcelain Members 


Because of the electrical properties of porcelain, it is found in virtually all high voltage 
power system equipment. Unfortunately, the brittle mechanical properties of porcelain 
have resulted in failures from earthquake-induced loads. Composite fiberglass-polymer 
insulators and bushings for high voltage applications are now available to replace porcelain 
in many applications. The performance of these materials in vibration-table tests has been 
excellent. The actual earthquake performance of this material in high voltage applications 
is limited, but has been good. 
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Figure 5.7 A crack about a foot wide opened up in this site due to lateral spreading. 
The site was located on poor soil near a river. 


Some composites, such as some types of polymer concrete, exhibit brittle 
characteristics similar to porcelain. 


The tensile strength of porcelain is much lower than materials normally used as 
structural members, such as aluminum and steel. Two other characteristics of porcelain are 
also troublesome. Most common structural materials are ductile, so that a localized stress 
will cause local yielding and the concentrated stress is redistributed over a larger volume. 
This does not happen in porcelain. In porcelain, when the stress at any point within the 
member exceeds a threshold level, the member will fail catastrophically. Another factor 
that complicates the use of porcelain and the analysis of failures is that in the manufacture 
of porcelain, voids and inclusions are incorporated into the material. These act as local 
stress raisers so that a member may fail when the overall stress is relatively low. The 
uncertainty of the number, size and distribution of these flaws means that porcelain 
members exhibit large variations in strength compared to traditional construction materials. 
There is also a size effect so that larger members have a higher probability of containing an 
inclusion of a size that can cause failure than in smaller members. 
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Figure 5.8 The rocking of this transformer foundation slab was attributed to soil- 
structure interaction. Rocking can cause large deflections at bushing conductor 
connections. 


Porcelain members of equipment operating at 220 kV and above are generally 
vulnerable to earthquake damage. The higher the voltage the higher the vulnerability. 
However, the seismic vulnerability is also related to the equipment design and practices 
used to install the equipment. For example, there are 230 kV circuit breakers that have 
failed at peak ground accelerations around 0.05 g and other circuit breakers of a different 
design and operating at 500 kV that have survived ground accelerations in excess of 0.5 g. 
Generally the performance of equipment operating at 115 kV and below has been good if it 
is properly anchored and conductored. The amount of equipment operating in the range 
between 115 kV and 230 kV has had very limited seismic exposure, so their performance is 
not known. The earthquake performance of equipment in the 765 kV class is unknown, 
but is expected to be at least as vulnerable as the 500 kV equipment. 


Porcelain members are usually configured as vertical columns with electrical 
connections or masses supported at their upper ends. During earthquake vibrations, this 
places transverse loads at the top of the column, which induces large moments at the base 
of the column. The columns are assembled in one of two ways. The first type of 
construction has a metal flange or cap bonded to the end of the porcelain member, as used 
for example for a lightning arrester, post insulator, and for some bushings. In this case the 
column is a cantilever beam and the large moment at the lower end of the beam develops 
into high stresses in the outer shell at the base. The other type of assembly has internal 
members that are in tension (tendons) to clamp the porcelain members together, as for 
example in some types of bushings and support columns on some live-tank circuit 
breakers. The porcelain members, which are usually pressurized with an insulating gas, 
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are sealed with a gasket. In this case the large moment at the base of the column may 
reduce the compressive load on one side of the gasket seal and allow the internal pressure 
to leak out or to blow out the gasket. A loss of insulating gas may result in flashover, or 
the activation of an interlock that prevents the device from operating. A blown gasket will 
allow porcelain-to-porcelain or porcelain-to-metal contact that can create a stress 
concentration leading to porcelain failure. 


The seismic design of equipment and its installation require knowledge of the seismic 
loads induced in the member. Three basic loadings are possible: inertial; imposed loads 
caused by relative deflections of connected equipment; and impact induced loads. Each has 
several factors which influence porcelain performance. 


A piece of equipment that moves when the ground moves will experience inertial 
forces. The ground accelerations can be amplified by the dynamic response of the 
equipment, by the dynamic response of the equipment support, and if mounted in a 
structure, by the dynamic response of the structure. The inertial forces are distributed over 
the equipment and will be proportional to the mass and acceleration. Methods of equipment 
analysis are discussed in IEEE Standard 693. Most substation equipment exhibits low 
damping and a damping factor of 2 percent is suggested for analysis unless higher damping 
can be demonstrated. Porcelain members, such as bushings, are typically near the highest 
point of an item of equipment, so they will experience the largest amplification of ground 
motion and thus the largest inertial loads. 


A second type of load on porcelain members may be more severe than inertial loads. 
Substation equipment is usually interconnected by electrical power conductors connected to 
bushings. Loads arise from the interaction between adjacent equipment items or parts of 
the same equipment. Thus, interaction loads are applied to the bushings. The interaction 
loads are significantly influenced by the flexibility and slack of the conductor 
interconnections. 


Conductors can be "flexible" cable or aluminum pipe or I-beams. Flexible conductor or 
strain bus, is fabricated from twisted aluminum conductor. In transmission substations it is 
typically over an inch and a half in diameter and lengths less than several feet are relatively 
stiff. Rigid conductor is fabricated from aluminum pipe or I bus, and if installed with "dog 
leg" bends, it can be relatively flexible. Either type of conductor can transmit large forces 
unless special provisions are made to decouple them. Consider a current transformer and 
an adjacent live-tank circuit breaker. Each piece of equipment is mounted on a support 
structure that may be four feet high and the equipment may be twenty feet tall. Flexibility 
in the support structures and the equipment, particularly if the equipment can rock, will 
result in large deflections at the top of the equipment where the conductor connects the two 
pieces of equipment. If the slack in the electrical connection between the equipment cannot 
accommodate the combined peak deflections of both pieces of equipment, the conductor 
can exert a force on the porcelain that can shatter the post insulator or bushing. 


In addition to the above interaction loads, there are other potential load sources that 
affect porcelain members of power equipment. There can be interaction within a single 
piece of equipment. For example, multi-head, live-tank circuit breakers may have 
interaction between interrupter heads supported on different columns. Another example is 
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loads applied by long flexible conductors due to the dynamic response of the conductor or 
its support . Also, when equipment moves due to inadequate anchorage, such as in the 
sliding of a transformer, electrical connections to the equipment may be loaded. All of 
these loads are applied to the bushings or other porcelain members and can contribute to 
their failure. 


Nonlinear and impact-induced loads can also significantly influence the performance of 
porcelain members. Even minor impacting can create very large loads that can cause 
catastrophic failure of porcelain members. The source of the impacting can be difficult to 
identify. Nonlinear forces can be introduced as slack in flexible conductor is drawn taut. 
A similar effect occurs when an object supported by an insulator string or with guys 
experiences an earthquake. Impact loads are also associated with anchorage and include 
lack of shims under an anchor point, damaged or missing grout under an anchor point, 
loose anchor bolts or anchor bolts in oversized holes. When any of these conditions exist, 
impacting at the anchor points can occur at relatively small earthquake motions. Another 
source of impacting is in equipment support structures which use bolted connections with 
slots rather than holes. Under seismic loads, even tight bolts may allow bolted members to 
slide and when the bolt reaches the end of the slot, a severe impact is imparted to the entire 
structure. Tendon or spring loaded porcelain members tend to impact when the seismic 
load exceeds the pre-load. This can be very severe when gaskets are blown out so that a 
porcelain member will come in direct contact with another porcelain member or metal 
gasket seat. In addition to creating large loads, impacting and nonlinear loads can excite 
higher modes of vibration of the equipment. 


Examples to illustrate some of the failures discussed above are given in the equipment 
sections that follow. 


5.5.2 Failures of Equipment Anchorage 


Some of the observed power system damage can be attributed to the lack of, or failure 
of, equipment anchorage. Inadequate anchorage allows equipment to move or fall over. 
For equipment which moves, a lack of flexibility or slack in connections can cause the 
connections to break or load the equipment so that it fails. Examples would be failed 
piping, broken conductor connections, fractured bushings, and fractured post insulators. 
The failure of an anchorage, per se, usually does not cause the equipment to malfunction 
unless the equipment slides or falls over and is thereby damaged. 


It should be emphasized that anchorage, as used here, refers to the entire load path from 
the equipment to its foundation and must take into account the stiffness of the support 
structure, the equipment near anchorage points, and stiffness and the anchor bolts or 
welds. A flexible anchorage may allow rocking of the equipment that can cause large 
deflections at conductor connections near the top of the equipment. Another problem with 
flexible anchorage is that it may lower the natural frequency of the equipment so that it is 
more in tune with the high energy frequency range of the earthquake (0.5 Hz to 6 Hz). 
Similarly, flexible support structures and connection details in components mounted to 
large equipment can cause amplified response and damage. Detailed analyses of equipment 
damage frequently find that the flexibility of the equipment and its support structure are 
often times the cause of the damage. 
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Several issues should be considered in anchoring switchyard and control house 
equipment. The anchor bolt embedment depth should be sufficient to force failures to 
occur in the bolt rather than in the concrete, as this will dissipate more energy and should 
eliminate brittle failure. Mechanical anchors used for heavy switchyard equipment should 
be specified by the utility and selected from those recommended by the anchor 
manufacturer as appropriate for dynamic loads. High strength bolts (generally considered 
ASTM A 325 and above) are not recommended, as brittle failures are to be avoided. In 
retrofitting equipment, high strength bolts may be needed, but many engineers are reluctant 
to use grades with strength of ASTM A490 or above. Anchor strength ratings used to meet 
anchorage specifications must be reduced to account for the spacing of the bolt pattern 
used. Expansion anchors may be used for control room equipment racks, but the minimum 
size bolt should generally be 1/2 inch diameter. The factor of safety should meet building 
codes (typically a factor of safety of 4). Bolts should pass through a structural member in 
the equipment framing. When only sheet metal is available, heavy plate washers should be 
used to prevent tearing of the sheet metal. It is important that the as-built embedment 
length meet manufacturer's test conditions in determining bolt strength. Of particular 
concer are situations where anchor bolts pass through inverted channels used in the 
equipment framing system, which causes bending in the bolts and reduces embedment 
length for some types of anchor bolts. The placement of anchors and the equipment 
configuration should avoid prying action on bolts or welds. Proper installation of anchors, 
particularly hole size and hole preparation, is needed to meet manufacturer's strength 
ratings. 


For bolted connections, the bolt hole should be appropriate to the bolt diameter and 
oversize holes should be avoided. An oversize hole will allow the equipment to slide and 
when the equipment strikes the bolts large impact stresses will be induced in the supported 
structure and in the bolt. Equipment manufacturers some times provide oversize bolt holes 
to allow for misalignment in placing cast-in-place bolts. This can be mitigated by placing a 
thick, close fitting washer under the nut and welding it to the equipment, as illustrated in 
Figure 5.9. This subjects the bolt to bending stresses. If the bolt is approximately centered 
in the oversized hole, a cylindrical spacer can be slipped over the bolt to eliminate the large 
gap, or, if the base plate is grouted, the enlarged hole can be grouted so that the welded 
heavy washer would not be needed. 


Elements in the load path, including the equipment and its support structure, should be 
stiff. Anchorage design should consider shear, vertical accelerations, overturning 
moments, prying action, and torsion due to eccentricities. If the equipment is qualified 
using IEEE 693, then the Seismic Outline Drawing, which contains anchorage 
specifications, should be consulted. 


An anchorage that allows the equipment to slide or rock can cause impact loads that can 
damage porcelain members. Impact loads may also cause relays within the equipment to 
chatter; this may cause undesired equipment actions. 
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Figure 5.9 Thick washer welded to equipment to eliminate effects of oversized bolt 
holes. 
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Friction clips have been used to anchor switchyard equipment, cabinets and consoles in 
control houses. They are often used because of their convenience. Often anchor bolt 
patterns are not known when foundation slabs are poured so cast-in-place bolts cannot be 


used. Also, the use of cast-in-place bolts requires that the equipment be lifted over the 
bolts rather than sliding it onto the foundation slab. Friction clips can be vulnerable in 
earthquakes. The earthquake performance and upgrading of friction clips used in 
switchyards are discussed in the Section 5.12, Circuit Breakers. The use of friction clips 
on cabinets and control consoles is discussed in the Section 8.5.1, Control Console and 
Status Board. 


5.5.3 Failure Of Cast-Aluminum Hardware 


Cast-aluminum hardware used in equipment and to support equipment, conductors, and 
bus, has experienced brittle failures. There have also been failures due to the deformation 
of cast aluminum members used in disconnect switches. Examples of these failures will be 
illustrated in the specific equipment sections below. 


5.6 Substation Busses, Conductors and Their Supports 


Most substations use power conductors in three ways. Transmission lines usually 
enter the substation from a dead-end transmission tower. Within the substation there are 
busses and bus support structures. Conductors also connect power equipment to each 
other and to the busses. 


5.6.1 Dead-End Transmission Towers 


The last transmission tower before a transmission circuit enters a substation is usually a 
dead-end structure. That is, each line terminates at an insulator string on the structure. The 
structure is typically an A- frame, fabricated from steel members, a lattice structure, or a 
frame fabricated from plates to form box beams. A schematic diagram of a dead-end 
structure where it enters a substation is given in Figure 5.10. 
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Figure 5.10 Schematic diagram of part of a typical substation. 
5.6.1.1 Earthquake Performance of Dead-End Structures 


While the earthquake performance of transmission towers has generally been good, 
there have been several failures in recent earthquakes. Possibly the most spectacular was 
associated with soil liquefaction and the failure of one leg of a dead-end tower at a 
substation. The tower was fabricated from plates and supported on a concrete pier that 
extended 10.3 m (34 feet)below grade. Figure 5.6 shows an overview of the tower that 
can be seen tilting to the left with a tear in the leg nearest the camera. A close-up view 
shows the opposite side of the leg, Figure 5.11 


Two other failures have been observed on dead-end structures. In one, a hook or bolt 
head in a slotted connection that attached the insulator string to the structure became 
disconnected and allowed the line to drop. In another dead-end structure the lines attached 
to each side of the structure were connected with an aluminum-pipe conductor that passed 
over the top of the structure to connect the lines on each side, Figure 5.12. A cast 
aluminum fitting at the end of the pipe failed allowing the pipe to drop and short the line to 
the structure, Figure 5.13. The dynamic response of the tower to the earthquake can 
amplify the ground motion. There have been other tower failures that are discussed in the 
section on transmission towers. 


5.6.2 Busses, Conductors and Their Supports 


In general, a bus is a conductor which provides a common connection to several 
circuits. The electrical power connections between equipment are referred to as 
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Figure 5.11 The material used to fabricate the transmission tower failed in what 
appeared to be a brittle fracture. 


conductors. Physically, bus and conductor may be identical, although since busses often 
must carry larger currents, they may be larger than conductors connected to them. 


Utilities use two types of busses and conductors: rigid or flexible. Flexible conductor 
is fabricated from twisted aluminum cables. Rigid conductor is made of aluminum pipe 
from 2" to 8" in diameter or aluminum structural sections. Each system has it advantages 
and disadvantages. It is the consensus of substation design engineers that for earthquake 
considerations properly installed flexible conductors have advantages over rigid 
conductors. However, this has not been definitively demonstrated from earthquake 
performance. Rigid bus may have advantages for wind loading, reduced phase-to-phase 
spacing, and lower profile as sag does not affect conductor-to-ground clearance. The use 
of a given system may be influenced by historical practices and the desire to maintain 
unified practices throughout a utility. 


5.6.2.1 Earthquake Performance of Bus and Conductor 


Failures of rigid and flexible conductors runs have been observed. Figure 5.14 shows 
damaged post insulators that caused the failure of a long run of flexible conductor. 
Figure 5.15 shows one phase of a rigid bus that failed. In this case the failure was 
primarily attributed to the failure of cast-aluminum hardware used to connect the conductor 
to the top of the post insulator. In both of these cases the effects of equipment interaction 
with the bus did not contribute to the failures. 
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Figure 5.12 Overview of rigid conductor passing over dead-end bus support 
structure. 
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A distinction must be made between the flexibility of a conductor, the flexibility of a 
connection, and slack in a connection. A conductor can be fabricated from fine braided 
wire so that it can be easily flexed by hand; however, if it is used to connect equipment and 
is not provided with slack, the connection will not be truly flexible because it can become 
taut and apply interaction loads. Likewise, a long run of rigid bus that has a dog-leg bend 
in it can provide a very flexible connection. 


The flexibility of conductor connections between substation equipment appear to affect 
earthquake equipment damage. The effects of conductor installation practice for specific 
types of equipment will be discussed in the equipment sections that follow. While it is 
relative easy to install a flexible conductor so that it has adequate slack and flexibility, good 
practices are not always followed. Often the configuration of the conductors is not 
engineered, but left to the field crews to install according to traditional practices, which 
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, Figure 5.13 Failed cast-aluminum fitting at the end of the mgid conductor in 
Figure 5.12. 


unfortunately may be inappropriate for earthquakes. Figure 5.15 shows conductors 
between circuit breakers and adjacent disconnect switches. This shape provides a flexible 
connection and does not compromise ground-to-conductor clearance. Figure 5.17 shows 
another position in the same switchyard. In this case the lack of slack probably contributed 
to the failure of the disconnect switch. 


The sequence of failures during an earthquake has not been directly observed but can 
sometimes be deduced. Since equipment is connected together by conductors, the failure 
of one item may cause a cascade of failures as one item damages an adjacent item. After the 
fact, it is often impossible to ascertain whether failures are due to the cascade effect or if 
individual items would have failed even it the adjacent item was undamaged. Occasionally, 
by a careful review of damage patterns within the entire switchyard, initiators of damage 
can be identified. Cascading failures might be prevented with the introduction of break- 
away connectors. That is, connections could serve as a mechanical fuse so that if the load 
exceeded a predetermined value, the connector would fail and thus limit the load that could 
be applied through the connection. As will be seen in subsequent sections, there have been 
non-engineered connector failures. Frequently the connector would fail when an item of 
equipment would tip over. Unfortunately, this would usually occur after the adjacent item 
was also damaged. Break-away connections are discussed below in the section on 
mitigation methods. 


Vertical drops from overhead conductors to equipment are needed in both flexible and 
rigid conductor systems. A line drop is illustrated in Figure 5.10. The line drop can be 
from a flexible conductor, from a rigid conductor, or from a conductor support structure. 
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There have been several failures of vertical drops. On rigid conductor, the field weld 
attaching the drop to the overhead conductor failed. Clearly, falling rigid conductor can 
damage nearby porcelain. There have been several failures associated with flexible 
conductor drops that are not well understood. It is not clear if the dynamic response of the 
drop line or the overhead conductor contributed to the damage. There has also been 
damage to drop lines from overhead conductor support structures. Again, the dynamics are 
not well understood, but the vertical dynamic response of the support structure may have 
contributed to the damage. This will be discussed further in the Wave Trap Section. 


The vulnerability of cast aluminum hardware was noted above. The ends of conductors 
often have this type of hardware, the failure of which is shown in Figure 5.18. 
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Figure 5.15 One phase of a 500 kV bus fell due, in part, to the failure of cast- 
aluminum hardware used to connect the bus to the post insulators. 


Vertical drops to equipment at sites that may be subject to soil liquefaction or 
subsidence present special problems. These are discussed in the Circuit Breaker Section. 


Special considerations for conductor connections to suspended equipment and lightning 
arresters are discussed in subsequent sections. 


5.6.3 Bus and Conductor Support Structures 


Several types of structures are used to support busses and conductors. The simplest is 
a tubular vertical column topped by a post insulator and hardware to support the conductor. 
Simple frames are used that are constructed from structural shapes or lattice. Some utilities 
use much larger frames that also support disconnect switches. 


5.6.3.1 Earthquake Performance of Bus and Conductor Support Structures 


Tubular columns support conductors and other equipment in substations. There have 
been failures in the weld connecting the column to the base plate. This type of failure is 
discussed in the Lightning Arrester Section. 


The conductor support structures shown in Figure 5.19 had several weld failures. 
While the structures did not collapse, several insulator supports failed, dropping their 
conductors and shorting them to the support structure. 
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Figure 5.16 The configuration of the conductor between the circuit breaker and the 
disconnect switch provides a flexible connection. 


Figure 5.20 shows the base of a large conductor support structure. The three inch thick 
base plate of the structure had a vertical crack starting at the weld that joins the plate to the 
column and extends through the base plate. The crack exhibited brittle failure 
characteristics. 


The vulnerability of cast aluminum hardware used to support conductors has been 
noted above. Figures 5.21 and 5.22 show failed hardware supporting a 500 kV conductor 
and cast aluminum hooks used to support a 34.5 kV bus. 


Cast aluminum hardware used to support flexible conductor has also failed, as shown 
in Figure 5.23. 


81 


Figure 5.17 The lack of slack in the flexible conductor between the circuit breaker 
and the disconnect switch probably contributed to the failure of the disconnect 
Switch. 


x. 


Figure 5.18 Cast aluminum fittings that form the termination of flexible conductors 
have exhibited brittle failures. 


%. 


82 


Figure 5.19 Conductor support structures fabricated from plate had weld failures 
that contributed to insulator and line damage. 


5.6.4 Mitigation and Retrofit of Substation Busses, Conductors and Their Supports 


The flexibility of connections can be improved by providing increased slack to flexible 
conductor connections. With a review of the system, some conductors may be able to be 
moved and some replaced, rather than replacing all conductors with inadequate slack. In 
the case of rigid bus, the procedure suggested for new construction given in the section 
Recommended Installation Practices for Substation Busses, Conductors and their 
Supports, may be applicable. 


In an earthquake, the flexibility of the connection must be sufficient to accommodate the 
relative movements of the conductor end points. Thus, the peak deflections of each 
connection point must be conservatively estimated and added together to determine the total 
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Figure 5.20 The thick base plate of a conductor support structure had a crack 
through the plate. 


Figure 5.21 Cast aluminum hardware supporting a 500 kV rigid conductor failed. 
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Figure 5.22 Cast aluminum hooks used to hold a 34.5 kV rigid bus failed. 


relative movement. An additional factor of safety should also be applied. Section 6.9.2, 
"Observed Component Displacements," of IEEE Standard 693, provides guidance for 
deflections to be expected for different voltage equipment of different natural frequencies. 
This guidance is reproduced in Table 5.1. The definitions of high, medium and low 
frequency equipment are given in Table 5.2. The Standard recommends a margin of safety 
of 50% be applied to the total expected relative movement. Unfortunately, electrical design 
considerations may limit the flexibility of connections due to short circuit loads and the 
need to maintain minimum phase-to-phase or phase-to-ground separation. While new 
designs may be able to accommodate both criteria, this may be at the expense of a less 
compact substation design. 
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Figure 5.23 Cast aluminum hardware used to support flexible conductor has failed. 


Table 5.1 Typical Equipment Displacements (mm) [5.2] 


138 kV 230 kV 500 kV 


Table 5.2 Frequency Definitions and Representative Equipment [5.2] 


Definition — Representative Equipment 


High 8 Hz and greater — transformer, tank reactors, dead-tank circuit 
breakers 
; 2.5-8 Hz — disconnect switches, live-tank circuit breakers, 
Medium " 
capacitor banks 
earn, under 2.5 Hz — capacitor voltage transformers, current 
transformers, wave traps, suspended components 
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The methods for implementing connection flexibility provisions for flexible and rigid 
conductor can affect earthquake-induced loads. For flexible conductors, as conductor 
connection points move toward each other the conductor will bow and exert relatively small 
loads on the connection points. However, as the connection points separate, the slack in 
the conductor will be reduced and, as it draws taut the stiffness of the connection will 
rapidly increase so that an impact load may be imposed by the conductor on the connection 
points. Thus, if phase-to-phase separation and ground clearance do not impose 
restrictions, generous provisions for slack should be made. Connection flexibility for rigid 
bus is usually provided because of the need to accommodate thermal expansion of the bus. 
This can be provided by short segments of flexible braided conductor, many layers of thin 
aluminum sheet formed into a half circle, or telescoping conductor sections. In general, 
these provisions for thermal expansion will be inadequate for the size of relative motions 
expected in earthquakes. Also, the telescoping connection only provides flexibility along 
the axis of the conductor and the half circle tends to be stiff in the transverse direction. 
Moderate length rigid bus sections with dog-legs can accommodate large relative 
deflections and place relatively small loads on end connections, Figure 5.24. 


Figure 5.24 Example of a gas-insulated circuit breaker with dog-leg connection on 
a rigid conductor to provide a flexible connection. 
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It is vital that mechanical strength specifications for bus and conductor support 
hardware be established that take into account earthquake loads and that these specifications 
are satisfied. The brittle failure of cast aluminum hardware used for conductor supports 
and connections has been very common. It is not known if these failures have been due to 
an underestimation of earthquake loads, to an inadequate factor of safety for the brittle 
character of the material, or to poor designs with stress concentrations that cause premature 
failure. Another possibility is that the electrical currents modified the mechanical properties 
of the materials. 


In general, the separation of equipment should be as small as practical because less 
conductor is needed to span the gap and the seismic loads on porcelain members supporting 
the conductor are reduced. Excessive spacing may also facilitate amplified dynamic 
response of the conductor that increases support loads on porcelain members. Closely 
spaced equipment has the disadvantage of providing less working space around equipment 
and can lead to potential problems if replacement equipment is larger than the preexisting 
equipment. 


Some utilities that use rigid conductor have introduced flexible links between the bus 
and the equipment. Figure 5.25 illustrates two configurations using this approach. In 
Case A, if the supports for the rigid conductor fail, the conductor could fall and damage 
the bushing. In Case B, the ngid conductor does not extend over the bushing so the 
failure of its support is less likely to damage the bushing. 


Flexible Link 


Bushing 


Figure 5.25 Flexible drops from rigid conductor to equipment can provide the 
advantages of both rigid and flexible conductor. Slight changes in configuration 
can also reduce the risk of earthquake damage to critical equipment. 


Failures of vertical drops from an overhead conductor to equipment were noted. For 
sites with the potential for subsidence, a rigid bus with a rigid drop provides little slack to 
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accommodate relative vertical movement. The introduction of a horizontal offset at the base 
of the drop to the equipment would provide some vertical flexibility. Even if the site does 
not experience subsidence, flexibility in the vertical drop could reduce loads on the 
connection resulting from the vertical dynamic response of the overhead conductor. 
Providing slack to vertical drop of flexible conductor can create problems with minimum 
phase-to-phase separations. Relatively small increases in the length of the vertical 
conductor will allow relatively large lateral displacements, Figure 5.26. Shifting the 
position of the upper connection of the vertical drop of the center phase may allow phase- 


to-phase separations to be maintained, Figure 5.26. 
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Figure 5.26 Alternatives for vertical drops using flexible conductor. 


The effect of non-engineered break-away connections was discussed above. Several 
engineered break-away connections have been proposed, but are not now commercially 
available. Incorporating these devices could provide several benefits, particularly for 
retrofitting existing facilities. Their design would have to be such that they could be easily 

incorporated into existing configurations. A properly designed break-away connection 
would limit the loads placed on porcelain members, such as bushings and post insulators 


due to relative motion between equipment and inadequate conductor flexibility. 
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Two types of break-away connectors have been proposed. The first is an engineered 
version of the conductor connection which when it fails, breaks the electrical connection 
and mechanical support at the connection. The second type would allow the normal 
mechanical connection between the conductor and the equipment to fail, but would retain a 
flexible electrical connection. Each of these approaches has advantages and disadvantages. 
The first design has an advantage if an item of equipment falls over. Since the entire 
connection between the equipment separates in this case, all interaction loads are 
eliminated. However, in some configurations, the loss of mechanical support at the break- 
away connection will allow the unsupported conductor to fall and it could short against 
other equipment and cause damage or create a hazard for personnel in the switchyard. If 
the separation between equipment is kept small, this would not be a problem, as length of 
the unsupported conductor could not reach a grounded component. The second type of 
break-away connector has the advantage that if interaction breaks the mechanical connection 
and the equipment is not damaged, electrical continuity would be maintained and service 
would not be disrupted. However, if item of equipment falls, the remaining electrical 
connection would probably not have adequate slack and loads would be transmitted to the 
adjacent, undamaged equipment. 


5.6.5 Emergency Response Procedures for Substation Busses, Conductors and Their 
Supports 


There have been several cases where cast aluminum hardware used to support 
conductors, both rigid and flexible has failed. To quickly restore service, rope or wire 
were used to secure the conductors to their supports, Figure 5.27. 


Figure 5.27 A rope was used to secure a rigid conductor to the remains of a cast 
aluminum hook used to hold the conductor to the post insulator. 
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There have also been cases where the high-voltage switchyard damage was so severe 
that temporary conductors were installed to bypass the entire switchyard to undamaged 
transformers so that power could be supplied to the low-voltage switchyard to maintain 
service. 


5.6.6 Recommended Installation Practices for Substation Busses, Conductors and Their 
Supports 


Improved earthquake response can be obtained by providing flexible connections, 
whether flexible or ngid conductor is used. In general, flexible conductor is preferred 
because it is generally easier to provide flexible connections between equipment. The 
procedures suggested in the mitigation section, 5.6.4, are applicable for retrofitting and 
new construction. 


= Power Transformers 


Power transformers perform the vital function of transferring power between circuits 
operating at_different voltages. They also may contain tertiary windings that generate 
voltages that are used for station power and other purposes. 


Transformers are constructed in one of two ways. In a core-type transformer the 
transformer coils have a framing system supporting the core within the transformer case. 
In a shell-type transformer the coils are form-fit into the case. The shell-type transformers 
typically have a smaller footprint and a larger height to width ratio. It has been claimed that 
the internals of shell-type transformers are more seismically rugged than core-type 
transformers, but there is no documentation from earthquake damage to support the view. 
There have been internal transformer failures; however, the causes of the damage have not 
been documented. After the Northridge earthquake, an evaluation of transformer 
performance suggests that there may be an accelerated degradation of electrical performance 
due to the shifting of the core and an increase in internal electric fields that deteriorate 
insulation. The electrical degradation appears to take place over several years so that the 
causal relationship to earthquakes is difficult to trace. 


Transformers have several components that are related to their earthquake performance: 
sudden pressure and protective relays, anchorage, radiators, bushings, conservators, 
lightning arresters, tertiary bushings and surge arresters. Lightning arresters are discussed 
in a separate section following Power Transformer. Some transformer installations have 
transfer busses so that a spare transformer can quickly replace a unit that must be taken out 
of service. As these bus configurations are unique for use with transformers, they will be 
discussed in the transformer section. 


The effect of the loss of function of a transformer is generally significant, unless a 
spare transformer is available or there is a second transformer bank in parallel with the 
damaged unit. The consequences of transformer damage will depend on system 
configuration and other system elements that may be damaged or out of service. 


The emphasis of this section is on bulk power transformers; however, distribution 
transformers are briefly discussed. 
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5.7.1 Sudden Pressure, Bucholtz and Protective Relays 


Sudden pressure and Bucholtz relays are meant to limit damage should there be an 
internal transformer fault. When there is an internal fault, like arcing between adjacent 
coils, gases are generated that cause the transformer internal pressure to increase and oil to 
move into the conservator. The pressure increase or movement of oil is sensed and causes 
the transformer to be isolated by opening of circuit breakers on each side of the 
transformer. Earthquake-induced vibrations can also cause changes in pressure that can 
trip the sudden pressure relays. Mercury switches have been used in sudden pressure 
systems and these were easily tripped by earthquake vibrations. To avoid unintended 
tripping, at least one of the major utilities has replaced mercury-based switches. 


Typically, sudden pressure relays must be manually reset. In any event, the substation 
will be inspected for earthquake damage. If no damage is observed and shaking levels 
were low to moderate, the transformer will usually be put back into service. If there is any 
concern that there was an internal fault, a high-potential test of the transformer will be 
performed before it is put back into service. The tripping of sudden pressure relays is 
fairly common and California utilities respond appropriately. However, in a small 
earthquake in Kentucky, a sudden pressure relay tripped a transformer off-line. This 
transformer served to connect a nuclear-generating station to the grid. Because of 
unfamiliarity with the response of sudden pressure relays in earthquakes, it was eight hours 
before the transformer and power generating station were put back on-line. Make-up 
power during the disruption reportedly cost about $1,000,000. 


Power transformers typically have several protective relays that monitor performance 
and provide protection. Some protective relays may be activated by an earthquake and 
cause the transformer to be taken off-line. There have been cases where relay lockout flags 
had been tripped, but it appeared that vibration caused the flag to drop without actually 
tripping the relay. The false tripping of protective relays should not cause any damage to 
facilities and should only cause brief, if any, service disruption. 


While the vibration-induced action of sudden pressure and protective relays can cause 
unnecessary disruption of service, there are indications that it can prevent damage to the 
distribution system in an earthquake. Earthquake induced vibrations cause distribution 
lines to swing, and adjacent phases can come in contact. This can cause the lines to wrap 
around each other, to burn down, or to blow fuses and trip circuit breakers. Damage to the 
distribution system in earthquakes, most of which is caused by lines coming together, has 
been compared to that due to a severe winter storm. If the lines are not energized, most of 
these effects will be avoided. Purposely shutting down the distribution system in an 
earthquake for a minute or two when an earthquake is sensed could reduce distribution 
system damage. However, because of the reduced reliability from disruptions associated 
with the many earthquakes that would not cause distribution system damage, this mitigation 
measure has not been implemented. If significant load is disrupted, the imbalance of power 
generation and demand may cause generating units to trip off-line and there can be delays in 
getting them back on-line. 
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5.7.2 Anchorage 


Anchorage, as used in this document is given a broad interpretation. That is, in 
addition to the traditional issues of attaching the transformer to its foundation slab, issues 
related to the foundation slab are also considered. 


Four general approaches are used to install power transformers. When little 
consideration was given to earthquakes a transformer was set down unanchored on a 
concrete slab or on rails. Two other approaches address earthquake issues by bolting the 
transformer to its concrete foundation slab, or by welding it to steel embedded in the 
concrete foundation slab. Within each approach there are variations. For example, a large 
utility supports many of its older transformers on a series of closely spaced rails. This 
allows air to circulate under the transformer to avoid corrosion and provide additional 
cooling. 


There are many transformer configurations and constraints in designing transformer 
anchorage retrofits. Limitations on cost, materials, and geometric constraints may yield 
less than optimal designs that are, none-the-less, adequate. 


5.7.2.1 Transformer Foundations 


Within California there has been wide variation in the approach to designing a 
transformer foundation slab. The most striking difference is reflected in the thickness of 
the slab, with the thin parts of some slabs only 23 cm (9-inches) thick and some slabs over 
1 m (three feet) thick. Even very thin slabs with moderate reinforcing have not failed in 
earthquakes. However, it is difficult to design proper anchors when the slab is so thin. 
There have been cases were thin slabs have cracked during the process of moving the 
transformer onto the slab. 


5.7.2.1.1 Earthquake Performance of Transformer Foundations 


Most foundation slabs have remained level after earthquakes; however, there have been 
exceptions. In general, the permanent tilt of a foundation slab would be associated with 
soil liquefaction or differential settlement. However, slab tilt has been observed with no 
indication of soil liquefaction, and differential settlement from subsidence seemed unlikely. 
In the Northridge earthquake, post insulators supporting low voltage bus on several 
transformer installations were damaged. The condition of the soil around the edge of the 
slab on some installations suggested that the slab had rocked back and forth during the 
earthquake, although the slab was level. Some slabs were tilted. The rocking of the 
transformer and foundation slab associated with soil-structure interaction can increase the 
inertial loads on bushings, lightning arresters and radiators. The rocking also increases 
displacements of points where conductors are attached to the transformer bushings. 


A gap around the boundary between the soil and the foundation slab was observed after 
the earthquake. This has-been attributed to the motion of the transformer and slab 
compressing the soil near the slab. A 2.4 cm (one inch) gap is shown in Figure 5.28, but 
gaps as large as three inches have been observed. 
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Figure 5.28 A 2.5 cm (one inch) gap around this transformer was caused by the 


back and forth motion of the transformer compacting the soil. 
5.7.2.1.2 Mitigation and Retrofitting Transformer Foundations 


If a transformer foundation has tilted as a result of an earthquake, it can be releveled by 
inserting tapered shims under the transformer. 


Several approaches can be taken to reduce the effect of soil-structure interaction on 
transformer performance. Generous slack can be provided to accommodate the increased 
demand on flexible conductor connections. Bushings can be qualified to the High 
Performance Response Spectra (IEEE Standard 693), robust bushings that exceed the High 
Performance Response Spectra can be used, or spare bushings can be obtained and stored 
at a safe location or in seismically capable racks. Because of high analysis and 
implementation costs, as a last resort, more elaborate foundations can be used to reduce the 
effects of soil-structure interaction. A cost-benefit analysis should be performed to 
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determine the appropriate approach. Similar approaches should be considered for new 
construction. 


In one situation were the bushings could not be upgraded, the foundation was 
retrofitted to reduce soil-structure interaction. In this case, holes were drilled about 12 cm 
(5 inches) in diameter, through the slab at a slight angle away from the transformer until 
competent soil was reached (as deep as 18 m (60 feet) were drilled). A cable anchor was 
grouted at the bottom of each hole and the cable was post-tensioned to about 200,000 
pounds. In another case, piers were installed adjacent to and tied into the slab. Four to six 
60 cm (2 foot) diameter piers up to 6 m (20 feet) deep have been used. 


5.7.2.2, Unanchored Transformers 
5.7.2.2.1 Earthquake Performance of Substation Transformers 


Some transformer are installed on a slab without anchorage, but this option should be 
rejected because of the large direct and indirect cost associated with transformer damage. 
Utilities that have evaluated the seismic risk associated with inadequately anchored 
transformers have found that the potential losses justified improved anchorage through 
retrofitting. Clearly if retrofitting is justified on existing installations, then new transformer 
installations, where the incremental cost of anchoring is smaller, should be securely 
anchored. 


The disadvantage to not anchoring a transformer is that the transformer can move large 
distances relative to the ground. Figure 5.29 shows a transformer that has moved about 60 
cm (two feet). As a result, slack provided to the flexible power conductors was inadequate 
and one lightning arrester mounted on the transformer broke. Fortunately the connections 
to the other lightning arresters and bushings failed rather than breaking the porcelain 
members. If the slab tilts, even larger movement can be expected of an unanchored 
transformer. 


A Japanese utility placed 18 mm (3/4 inch) thick rubber-like mats under unanchored 
transformers to reduce noise. This seemingly minor modification, a type of base-isolation, 
had an adverse effect on transformer response and performance. The transformer did not 
slide during the 1978 Sendai, Japan, earthquake, but many of the bushings were damaged. 
A post-earthquake evaluation conducted by the utility indicated that the mats reduced the 
natural frequency of the transformers so that the high-voltage bushings were excited near 
their resonance and were damaged, Figure 5.30. One or more high-voltage bushings were 
damaged on each of the five three-phase transformers at the site. The use of the isolation 
pads was discontinued. This demonstrates that the use of base isolation requires very 
careful evaluation to assure that the desired effects are achieved. Isolation pads should not 
be used unless they are included in the seismic qualification of the transformer. 


When a transformer moves relative to its support slab, control cables can be damaged 
as shown in Figure 5.31. In extreme cases, unanchored transformers can tip over, as 
happened to the spare transformer shown in Figure 5.32. It is interesting to note that a 
poor anchor design may contribute to a transformer tipping over. For example, if the 
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Figure 5.29 The unanchored transformer slid about 60 cm (two feet) in a 6.6 
Moment Magnitude earthquake. One lightning arrester failed due to conductor 
loading. Conductor connections to the other lightning arresters and bushings failed 
preventing damage to the porcelain components. 


anchorage primarily served to restrain a transformer from lateral movement, but does not 
hold it down, a horizontal acceleration, will generate overturning moments tending to tip 
the transformer over. 


There have been cases of internal damage to transformers. In one case there were 
indications of electrical abnormalities immediately after the earthquake and a high potential 
test indicated problems. The transformer was removed from the site for repair, but details 
of the damage are not known. In another case, months after the earthquake, there were 
electrical abnormalities and upon an internal inspection significant deformations in the coil 
restraints were observed. Since post-earthquake inspection of the transformer internal 
structural system are rare, itis unknown whether internal structural deformations are 
common. 


5.7.2.2.3 Mitigation and Retrofit of Substation Transformers 


Transmission power transformers that serve large metropolitan areas typically range 
from 180,000 to 500,000 pounds in weight. Large units can exceed 1,000,000 pounds. 
For a 500,000 pound transformer subjected to 0.5 g horizontal acceleration, each of four 
anchor points will have to withstand from 62,500 pounds to 125,000 pounds horizontal 
load, depending on the anchorage design. In addition to lateral loads, the anchorage must 
be able to resist overturning moments and torsional loads due to eccentricities. In 
designing anchorage, no credit is taken for friction forces. 
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Figure 5.30 Two of the three high-voltage bushings on this three-phase 
transformer failed due to the change in frequency caused by the use of a thin sound- 


isolation pad placed under the unanchored transformer. 


“6 


i< ~ 
Par aon 


appease IS 
a A SS 


Figure 5.31 This unanchored transformer slid and damaged control cables. 
Discoloration of the slab indicates that there was also an oil leak. 
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Figure 5.32 The spare transformer shown in this picture was not anchored and 
tipped. 


Three issues must be addressed in anchoring all transformers, be it retrofitting an 
existing installation or designing a new installation. These issues are the evaluation of load 
path between the transformer and the ground, determining that the strength of all elements 
in the load path is adequate, and determining that the anchorage is adequately stiff so that 
excessive movement and impact loads due to deformation can be avoided. For welded 
connections the stress distribution across the weld should be evaluated under the various 
earthquake loads. In retrofitting systems, as will be seen below, load paths can be very 
complex so that they must be given careful consideration. 


Two methods are used to anchor an existing transformer to a concrete slab. This is 
typically done in such a way that the transformer does not have to be taken out of service or 
moved from its foundation. The first method welds a plate or bracket to the transformer 
base that is then bolted to the concrete slab. The second method anchors the transformer 
through lifting lugs that were part of the original transformer design. 


There are several concerns when welding to a transformer for retrofitting. Existing 
plans for the transformer may not be adequate to indicate good anchor points. The original 
design may not accommodate the concentrated anchor loads that will be experienced in an 
earthquake. In welding directly to the transformer tank, significant heat will be generated 
and it may not be clear if an internal coating, components, or oil will be damaged. There 
are also safety issues associated with welding on a transformer tank. While the use of 
small welds can reduce heating, recommended practice for minimum weld size should be 
followed. Some transformers may have a false bottom or skids incorporated into the 
transformer case or have external stiffening members or mounting plates. If welds are 
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made to these surfaces, local heating will generally not be a concern. Some transformers 
have base plates that are an inch thick that can accommodate welds, while others may have 
a relatively thin skin, with internal members to provide the needed structural support. In 
the latter case welding to the base would be ill advised. If possible, the manufacturer 
should be contacted to get information on these issues. There is no consensus among 
utilities as to the appropriateness of welding directly to the transformer tank. Some utilities 
feel that welding directly to the tank should not be done unless approved by the 
manufacturer. Other utilities feel that welding can be done, but with caution. Large single- 
pass welds that generate high heat should be avoided. The transformer should be filled 
with oil so that internal heat can be quickly carried away. In addition to anchorage, retrofit 
bracing of transformer radiators often entails welding brackets to the transformer case. 


Figure 5.33 shows a retrofit of transformer anchorage. Retrofits are often less than 
optimal solutions, and yet may still be adequate to address the problem. In the case at 
hand, it was difficult to get the drilling rig close to the transformer to drill anchor bolt 
holes. Therefore, an extension plate was welded to a mounting flange provided by the 
manufacturer. For this configuration there is no potential problem of heating internal parts 
or concern about the ability of the case to carry seismic loads. When subjected to a 
horizontal ground motion, the anchorage on one side will experience a significant vertical 
load resisting the overturning moment. The bolts are some distance way from the weld so 
they are subjected to prying action, and bending of the extension plate adds flexibility to the 
anchorage. Should the edge of the transformer lift off of the slab due to overturning 
moments and vertical ground motions, large impact forces could be generated when it 
drops back to the slab. Impact can generate large accelerations that could damage the 
porcelain bushings and lightning arresters. 


There have been cases of expansion bolt failures. Because of potential problems with 
quality assurance and the sensitivity of expansion anchors to proper installation, they are 
not recommended in applications where large axial loads must be resisted. This 
recommendation does not apply to undercut expansion anchors. 


Figure 5.34 shows another approach to a retrofit anchorage. In this case an anchor 
bracket was welded to a stiffening flange on the transformer. Note that this plate has a 
gusset to stiffen the anchorage. One problem with this approach is the difference of 
stiffness along the weld between the bracket and the transformer flange. 


Figure 5.35 is a schematic diagram that illustrates important design features. The 
figure shows two methods for anchoring a transformer to its foundation slab. Case A has 
several undesirable features. The anchor bolts are set back from the vertical part of the 
bracket increasing the flexibility of the anchorage and allowing the transformer to lift off of 
its slab. The setback also increases the prying action on the bolts to lifting loads. For 
loads tending to lift the transformer, the bolt pattern will cause the bolts closest to the 
transformer to carry most of the load. The weld will be subjected to bending loads along 
the axis of the weld. For horizontal loads the vertical flange of the bracket gives a flexible 
anchorage. Case B shows an improved design. The gusset stiffens the anchorage and 
resists bending along the horizontal weld. The bolts have been placed close to the 
transformer, reducing prying and loads on the bolts are more uniformly distributed. 
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Figure 5.33 A plate was welded to a mounting flange on the transformer and then 
bolted to the foundation slab. 


Figure 5.34 A bracket with a gusset was welded to a stiffener on the transformer _ 
case and bolted to the foundation slab. 


Anchor Bolt Holes 


Transformer-Anchor Plate Weld 
Anchor Plate 


Horizontal Extension 


Vertical Extension 


Transformer Case Stiffener 


Transformer Case 


Figure 5.35 Schematic diagram of anchor plate designs to illustrate issues of 
stiffness, prying, and stress distribution along welds. Weld sizes should conform 
to requirements of AISC or AWS. 


One concern with welding to the transformer case is knowing if the case can withstand 
the concentrated load if there is an earthquake. In the Northridge earthquake a hole was 
torn in the transformer case at an anchor weld. This problem can be eliminated by using 
the lifting lugs provided by the manufacturer as anchor points. These points protrude from 
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the transformer case so that heating the transformer inner surfaces is eliminated, and the 
lifting lugs were designed to withstand large loads. Two examples of this type of retrofit 
are shown in Figures 5.36 and 5.37. These were added to transformers after the welds to 
embedments failed or showed signs of distress. These retrofits were designed primarily to 
resist overturning moments and vertical loads. As can be seen in Figure 5.36, one of the 
disadvantages of using the lifting lugs can be that their location may not be convenient for 
transferring the loads to the foundation slab. 


Figure 5.36 Transformer retrofit anchorage utilizing the transformer lifting lug. 


A schematic diagram in Figure 5.38 illustrates design features of the system shown in 
Figure 5.37. Note that a mirror image of the items shown also exists on the back side of 
the lifting lug. The headed studs and base plate are fabricated and grouted into a pocket and 
holes cut in the concrete slab. The chair is welded to the lifting lug. The anchor bolt and 
the bolt - base plate tie are fabricated and welded together. When the grout has cured, the 
tie plate with attached anchor bolt is welded to the base plate and the base plate is welded to 
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Figure 5.37 Transformer retrofit anchorage utilizing the transformer lifting lugs. 


the base of the transformer. The tie plate should be welded on both sides to maintain 
symmetry and to reduce bending loads. The welds to the original embedments were 
repaired. Dynamic lifting loads are carried primarily by the anchor bolt and studs. Part of 
the shear load is carried by the new base plate and studs and the remainder by the original 
steel embedments (with repaired welds). 


All surfaces should be properly protected from corrosion. The holes for the headed 
studs should be roughened and thoroughly cleaned. A non-shrink grout must be used. 
While initial installation would be easier without recessing the base plate, recessing it is 
recommended. When the transformer is removed, the weld between the tie-plate and base- 
plate can be easily cut leaving the foundation slab flat. 
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Figure 5.38 Schematic diagram of anchor using a transformer lifting lug. 


The installation described used an epoxy grout to secure the studded base plate to the 
foundation slab. Concrete grout or undercut-expansion anchors are also options. The 
selection of the type of anchor must be made for many of the retrofit and new installation 
methods discussed in this document, so factors that might influence the choice are 
discussed. In this installation the base plate conceals the grout and the holes when the base 
plate-headed stud assembly is inserted. Variations in mixing concrete grouts will influence 
their ability to flow. The uniformity of epoxy grout viscosity may yield a more reliable 
anchor when the action of the grout cannot be observed. The use of expansion anchors is 
another option; however, performance of some types of expansion anchors is highly 
dependent on the quality control of the installation. Undercut expansion anchors, while 
more expensive to install, have given more consistent results. Another concern about 
expansion anchors is that water may accumulate in the hole in outdoor installations, so 
there is a potential of anchor corrosion for both carbon and stainless steel. This should be 
considered in light of the fact that the presence of corrosion cannot be evaluated after 
installation. 


A retrofit approach used by another utility is pictured in Figure 5.39, which shows one 
of four telescoping members that provides a load path from the transformer lifting boss to 
the foundation pad. The telescoping design can accommodate different transformer 
configurations and variations in the foundation slab. The two telescoping sections are 
welded together in the field after they are fitted to the transformer and slab. 
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Figure ae Field-welded telescoping members provide a load path from the 
transformer lifting boss to the foundation pad. 


5.7.2.3 Rail-Mounted Transformers 
5.7.2.3.1 Earthquake Performance 


One of the traditional methods for supporting transformers was to mount a transformer 
on a carriage with wheels and support the wheels on rails. This method of installation was 
used before means were developed for moving heavy equipment. A new installation of a 
rail-mounted transformer today would be unlikely. While this practice has not been used in 
California for some time and most existing units have been retrofitted, inadequately 
anchored, rail-mounted transformers are common in other parts of the country. The rails 
are often secured to an elevated platform so that the transformer could be rolled onto a 
transfer cart in front of the bank of transformers. In some installations the rails supporting 
the transformer are at grade. 


The wheels are restrained from rolling on the rails with chocks which are typically 
bolted to the rail in front and behind the transformer. There are many examples where the 
chocks failed to restrain the transformer and it fell from its supports. The chocks 
restraining some transformers are held by the clamping action and friction of a bolt, as 
indicated by a close-up view of a chock that was forced off the end of the rail, Figure 5.40. 
The transformers toppled from the raised pedestal and this resulted in damaged bushings, 
radiators and bus work, Figure 5.41. Note that the carriage on the first transformer 
remained attached to the transformer while the second and third transformers separated 
from their carriages. A positive attachment of the chocks to the rails would improve their 
performance. The chocks can be bolted through the rails or welded to the rails. The 
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chock can fail, even when bolted, due to prying, and shear action, Figure 5.42. While 
most rail-supported transformers have some type of restraint, some restraints are woefully 
inadequate, as illustrated by the wooden wedge shown in Figure 5.43. In addition to being 
crushed, back and forth movement could dislodge the wedge giving the transformer 
complete freedom to roll off of the rails. 


Figure 5.40 Chock bolted to the rail was forced off the end of rail allowing 
transformers to fall from support. (The chock was placed back on the pedestal 


before this picture was taken.) 
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Some utilities use rails to support transformers in a different way. In this method rails 
are placed about a foot apart over the transformer footprint, and the transformer simply 
rests on the rails. This allows the area under the transformer to dry out and provides 
increased air circulation around the transformer. Of course, this provides no anchorage. 


A chock can prevent movement along the rails and still not provide lateral restraint. A 
system to limit the lateral loads that must be resisted by the rails and their anchors uses a 
key between the rails and the carriage under the transformer, Figures 5.44 and 5.45. 
Horizontal transverse loads are carried by the key and the pedestal, rather than the rails or 
their supports. There is a very small gap between the key and the wheel housing. The key 
has a large angle forming its upper corner to distribute contact loads. The massive wheel 
support has large gussets and is bolted to the carriage, which in turn is welded to the base 
of the transformer. The load path between the transformer and the slab is assured. A 2.5 
cm (One-inch) bolts secure the sides of the chock to the rails. A single 2.5 cm (1-inch) bolt 
secures the chock to its side supports. The chock is cut to fit the curvature of the wheel and 
extends about 2/3 of the way to the axle. 
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Figure 5.41 These rail-mounted transformers rolled off of the end of the pedestal 
and tipped over. The chocks were pushed off the end of the rail, allowing the 
transformers to fall, causing severe damage. 
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provided. However, prying, bending, and shearing action were sufficient to fail 
the bolts holding the chock. 
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€ 5.44 This rail-mounted transformer is restrained by chocks and concrete 


ails are mounted to a slab at grade. 
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Figure 5.45 This is a close-up view of the wheel housing and concrete key under 
the transformer shown in Figure 5.44. The concrete key restrains the wheel- 
Carriage assembly laterally. 


The large well anchored chocks and the key shown above do not provide positive 
anchorage to the transformer, which is still free to lift off the rails and tip over. 


5.7.2.3.2 Retrofitting Rail-Mounted Transformers 


There are several methods for providing positive anchorage to rail-mounted 
transformers. One method of marginal effectiveness is to weld the wheels to the rails. 
This provides a positive connection and there is some vertical restraint. It is an easy and 
inexpensive fix that can serve where small seismic loads are expected or as a temporary fix 
until a more secure method of anchorage can be implemented. The problem with this 
method is that the load path between the transformer and the slab was not engineered. The 
transformer must be well anchored to its carriage, but as shown in Figure 5.41, this is 
often a poor connection using tack welds. Also, the weld length between the wheels and 
the rails is short so that its capacity may not be adequate. It may also be difficult to 
generate enough heat to get a good weld. Longer welds can be obtained by welding a plate 
to the wheel and to the rail. However, there have been difficulties in welding to the rails 
and the carob content of the steel should be checked to ensure that a sound weld can be 
made. The loads transferred to the rails must pass through the rail anchors to the pedestal. 
There are cases where rail supports are adequate, as shown in Figure 5.46. Each of these 
relatively small transformers has four bolts holding the transformer carriage to the two 
brackets. The brackets are anchored to the rail, and eight bolts hold the rail to the 
transformer pedestal. Ample welds that cannot be seen in the picture secure the transformer 
and carriage. The width of the pedestal provides adequate edge distance for the rail anchor 
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bolts. Rail anchors often use friction clips and have inadequate edge distance. 

Figure 5.47 shows the original rail anchorage and the retrofitted anchorage. Note that the 
anchorage could have been improved by welding the friction clips to the rail. In the current 
situation, the load directed towards the friction clip must be carried entirely by the clip 
shown and loads are put on the bolts with marginal edge distance. If the clips were welded 
to the rail, the clip on the other side of the second rail would also carry load and the edge 
distance would be across the remainder of the pedestal width. In general, while the total 
capacity of the rail anchorage may be adequate, the loads are concentrated at two locations. 
The retrofit addresses this issue. The use of friction clips is discussed further in Section 
5.12, Circuit Breakers. 
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Figure 5.46 Transformers can be 
is properly engineered. 


The retrofit of pedestal-supported, rail-mounted transformers should address several 
issues. The transformer should be restrained in the longitudinal, transverse and vertical 
directions. Loads should be transferred to the foundation. The entire load path should be 
engineered. It is desirable to avoid large axial loads on expansion or grouted-in-place 
bolts. Figure 5.48 illustrates one approach to retrofitting. Four diagonal braces are 
welded to the transformer undercarriage and anchored to the pedestal with bolts through the 
pedestal. The brace, cut from appropriately sized tubular steel, will carry longitudinal, 
transverse and lifting loads, including overturning moments. The rails will support the 
transformer weight and carry part of the transverse load. The use of bolts through the 
pedestal eliminates the concern about axial loads on expansion anchors and the issue of 
installation quality assurance. It is vital that the weld between the transformer case and the 
carriage is adequate. Because of the large contact surface between the carriage and the 


110 


Figure 5.47 A tr 


ansformer was anchored to its support rails by improving the rail 
anchorage system. 


case, a small, long weld can be used. The recommended practice for minimum weld size 
should be followed as specified in AISC or AWS. This distributes the load on the 
transformer case, reduces the heat introduced into a concentrated area of the case and will 
generally be located near the transformer base-wall boundary so the load path should be 
relatively stiff. The fabrication of the brace is relatively simple. In some transformer 
configurations the brace may be welded directly to the transformer case so that concerns 
about the load path through the carriage can be eliminated. Clearly the pedestal must be 
secured to the foundation slab or of a design that it is structurally secure. For very heavy 
transformers, very large braces may be required to restrain lateral loads. In this case, 
multiple braces could be used or diagonal braces could be added under the transformer. 


Another approach to retrofitting a rail-supported transformer is shown in Figures 5.49 
and 5.50 in which there is no pedestal. A similar approach could be used for a pedestal- 
mounted system and has the advantage that loads are transferred directly to the transformer 
foundation slab. The bracing system at one end shown in Figure 5.49 supports loads in all 
three directions, while that shown in Figure 5.50 at the other end is not designed to take 
loads parallel to the rails. The weight of the transformer is carried by the rails. The braces 
are welded directly to the transformer case. Undercut expansion anchors are used to 
anchor the framing members to the slab. 
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Figure 5.48 Schematic diagram for retrofitting a pedestal-mounted, rail supported 
transformer illustrates key features of the design. 


5.7.2.4 Anchored, Slab-Mounted Transformers 


Unanchored, slab-mounted transformers and methods for their retrofit were discussed 
above. Many methods for anchoring slab-mounted transformers have been used and their 
performance will now be reviewed. The methods for retrofitting unanchored transformers 
would also be applicable to the installations discussed below. 
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Figure 5. 49 This frame transfers all loads from the transformer to the foundation 
slab. 


Figure 5) 50 This frame at the other end of the transformer shown in Figure 5.50 1s 
designed to resist transverse and vertical loads only. 


he 


5.7.2.4.1 Earthquake Performance of Anchored, Slab-Mounted Transformers 


Several methods used to anchor slab-mounted transformers have failed. The review of 
these failures can provide insight into features to be avoided in new designs. 


The failure of bolts used to anchor transformers has been very common. Figure 5.51 
shows one of four restraints used to anchor a transformer. The four restraints, two on each 
side of the transformer, have a small notch to match the profile of the base of the 
transformer. Each restraint had four anchor bolts. The peak ground acceleration at the site 
shown exceeded the design level; however, the energy in the motions was moderate. | 
Small changes in the design may have improved performance. The restraints were not 
welded to the transformer case to address the concerns noted above. As a result, loads 
directed towards the restraint had to be resisted by the restraint on that side of the 
transformer. Welding the restraint would have allowed restraints on both sides of the 
transformer to share the load. When the restraints on one side are lost, the transformer is 
free to slide. As the transformer slides back and forth during the earthquake, impact loads 
generated when contact is made with the restraint can damage bushings. In this case the 
transformer bushing leaked, but the transformer remained in service. Figure 5.52 shows 
the restraint on the other side of the transformer that has moved away from the restraint. 
Near the restraint in the figure is an oil drain pipe and valve. Had the transformer moved a 
few cm (inches) longitudinally, the drain pipe could have been sheared off allowing the 
transformer to drain. This would have taken the unit out of service and required a major oil 
clean up. At the top of the picture the other restraint can be seen the weld between the hook 
and the base plate has been severely torn. 


Figure 5.51 The four bolts anchoring the restraint sheared off. Since the 
transformer was not positively attached to the restraint, only restraints on one side 
of the transformer carried loads. Gashes in the transformer bottom plate were made 
when the transformer impacted the restraint. 
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Figure 5.52 The restraint bolts on the other side of the transformer sheared, 
allowing the transformer to slide. The oil drain pipe near the restraint could have 
been damaged if the transformer had moved a few cm (inches) in that direction. 


In the 1995 Kobe, Japan, earthquake, several transformers at different substations 
sheared their anchor bolts. The transformer in Figure 5.53 sheared the eight 
4.5 cm (1-3/4 inch) bolts that secured it and slid over a 30 cm (foot). Control cables for 
this transformer enter through a hole in the foundation slab. The movement of the 
transformer almost sheared off the control cables, Figure 5.54. A small reactor connected 
to the low voltage output also sheared its bolts, but slid in the opposite direction. The total 
relative movement was over 60 cm (two feet) and the lack of this magnitude of slack in the 
connection caused the low-voltage bushings to fail. 


The performance of transformer anchor bolts has been rather poor. While the cause is 
not fully understood, one speculation is that the clearance between the hole in the 
transformer anchor bracket for the bolt and the bolt allow the transformer to have a 
moderate velocity when the transformer impacts the bolt. The geometry of the connections 
puts the bolt into shear with very little flexibility. Thus, the bolts abruptly stop the 
transformer, generating impact forces in the bolts and the entire transformer much larger 
than would be expected from the ground accelerations. 


Figure 5.55 shows a transformer at the same site as that shown in Figure 5.51 with 
clips welded to slab embedments. The overturning moments caused the transformer to tip, 
placing lifting loads on the clips. The load was sufficient to deform the embedded plate and 
start to tear the clip-plate weld. One disadvantage of this configuration is that the weld will 
tend to "unzip". While this will dissipate energy, it can lead to catastrophic failure of the 
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Figure 5.53 The eight bolts holding this transformer sheared, allowing the 
transformer to slide over a foot. 
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Figure 5.54 The control cables that enter the transformer through the foundation 
slab were almost sheared off due to the movement of the transformer. 
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Figure 5.55 Clips welded to embedments were severely loaded due to large 
overturning moments and tipping of the transformer. The weld to the embedment 
was partially torn, embedment plates deformed, but the transformer was restrained. 
The lifting action probably caused impact loads when the transformer fell back to 
the slab. 


anchorage. Also, when the transformer drops back to the slab, large impact loads will be 
generated. 


The most common current practice for anchoring transformers is to weld the base of the 
transformer to a steel embedment in the foundation slab. Three failure modes of this 
system have been observed, although it has generally performed well. One failure has been 
due to poor quality or inadequate strength welds which allowed one end of the transformer 
to move 35 cm (14 inches), Figure 5.56. There were two interesting observations 
associated with this failure. While the welds on each side at one end of the transformer 
failed and the transformer moved, the welds at the other end of the transformer did not fail. 
The transformer case was fabricated from heavy plate and its box configuration gives the 
impression that the case would be very stiff. On the side of the transformer opposite that 
shown in Figure 5.56 a mop head was found under the transformer in a position 
suggesting that the bottom of the transformer had lifted about an 2.5 cm (inch). This 
indicates that one end of the transformer had moved laterally 14 inches and lifted about an 
inch with the welds at the other end staying intact. 
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Figure 5.56 One end of this transformer failed anchor welds and moved 35 cm | 
(14 inches) without failing the welds at the other end of the transformer. 


There have also been cases where there were signs of distress in the embedment, but 
none have failed. Figure 5.57 shows cracking and spalling of concrete and grout around a 
steel embedment used to anchor a transformer. This damage was caused by ground 
motions with a peak acceleration of only 0.15 g. A retrofit to this anchorage is shown in 
Figure 5.37. Speculation on the causes for distress in the embedments has been that the 
thickness and stiffness of the plate were inadequate, the points anchoring the plate in the 
concrete were too far apart, or the anchor plate with its embedments did not extend far 
enough on each side of the weld connecting the transformer to the plate. If the transformer 
is welded near the end of the embedment, lifting loads will be borne primarily by the last 
set of headed studs. 


Finally, one transformer, which had a retrofitted anchorage with the case welded to an 
embedment, ripped the transformer case causing an oil leak. 


An integral part of the anchorage of any transformer is its foundation slab. Tilting of a 
slab was illustrated in Figure 5.8. However, even when no permanent tilting results, there 
have been indications of the rocking of foundation slabs. Low voltage, ngid bus 
connections and other conductor connections on several transformers were severely 
damaged and scrape marks on sidewalks adjacent to the transformers suggest that there was 
soil-structure interaction of the massive transformers and their foundation slabs with the 
surrounding soil. Some of these effects were observed at sites where there are no 
indications of soil liquefaction. Relatively small rotations can cause increased inertial loads 
on bushings and significant movement at bushing connection, which can increase 
conductors interaction loads on the bushings. 
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Figure 5.57 Concrete and grout around the embedment cracked when peak ground 
acceleration was only 0.15 g. 


5.7.2.5 Recommended Practice for New Installations 


The recommendation for new transformer installations is to weld the transformer to 
embedments in the foundation slab. This involves three topics: foundation design, 
embedment design, and welding to the embedment. 


5.7.2.5.1 Foundation Design 
The foundation design for a transformer should address the following topics. 


¢ The foundation slab must be thick enough for the embedments to develop the needed 
pull-out strength. 


¢ The foundation slab should be dimensioned to withstand overturning moments, or 
other means to improve stability should be considered. 


¢ The foundation slab must be strong enough to withstand bending moments for that part 
of the slab that extends outside the transformer footprint. 


¢ The area of the foundation slab or the use of piles must be such that the bearing capacity 
of the soil is not exceeded. Where appropriate, the soil under the transformer should be 
compacted prior to pouring the foundation and poor soils may need to be replaced with 
engineered fill. 


¢ Where conditions for soil-structure interaction exist, various options to reduce potential 
impacts should be considered. These would include providing generous slack to 
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conductor connections, using seismically robust bushings, or using piers, piles or other 
means to control movements. 


Many of the foundation slabs that were designed to standards much less stringent that 
those used today have survived significant earthquakes without damage. Most of the 
problems of differential settlement and the effects of soil-structure interaction can be 
addressed by providing adequate slack to conductors connected to the transformer. The 
number of sites that are vulnerable to soil liquefaction and that have been subjected to 
strong ground motions is very limited. Thus, the need to more thoroughly address soil 
liquefaction and lateral spreading beyond providing adequate slack to conductor 
connections remains uncertain at this time. 


5.7.2.5.2 Embedments 


An embedment design should satisfy several criteria. In determining anchorage loads, 
friction between the transformer and the slab should be neglected. Lateral loads as well as 
overturning moments should be considered. While transformers tend to be symmetrical, 
the position of radiators and the placement of anchors may introduce torsion loads that 
should be accounted for in the design. The embedment must be stiff enough to transfer 
loads to points where the embedment is anchored to the concrete and resist tearing and 
bending stresses. The embedded surface that is to be welded to the transformer must be 
wide enough that the size of the weld to carry the design loads is consistent with the 
strength of the members that are being welded. The longitudinal dimension of the 
embedment is usually perpendicular to the edge of the transformer that is to be welded. 
The embedment should extend well beyond each side of the weld. It is advisable to extend 
the embedment well outside of the transformer footprint so that a large replacement 
transformer can use the same slab and embedment. 


The location of the embedment must be coordinated with the transformer manufacturer 
to assure that the transformer has been designed to withstand concentrated loads at the 
anchor points. Stiffening plates, brackets or other features might be added by the 
manufacturer to facilitate field welding. It would be desirable for the industry to 
standardize the placement of transformer anchor points so that the location of embedments 
would be consistent between transformer models and manufacturers. 


Three embedment configurations have been used, and other alternatives can be used 
that meet the design criteria. Embedments that have been used include plates with headed 
studs, inverted channels with headed studs or welded rebar wings, and wide-flange beams 
with holes for rebar to pass through. There have been problems with deformation of plates 
due to the heat generated when the concrete is curing, thus thick plates or plates with a 
stiffener are suggested. It is recommended that studs extend below the slab rebar. Tests 
indicate that headed studs perform much better than "J" or "L" bolts. The American 
Concrete Institute recommends the use of headed studs only . While the embedment can be 
welded to slab rebar, this is seldom done. In pouring the concrete it is important that voids 
under the embedment be eliminated. In some cases when inverted channels are used, holes 
are Cut in the web to avoid leaving voids underneath. Conventions for bolt separation and 
edge clearance should be followed. The embedment should be flush with the surface of the 
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slab and never below it. The embedment should be given appropriate corrosion protection 
treatment. 


5.7.2.5.3, Welding to Embedments 


Typically the edge of the transformer case is welded to the embedment. Situations arise 
where an extension plate or angle is used to transfer the load from the transformer to the 
embedment, as illustrated in Figure 5.58. The stiffest anchorage and preferred method is to 
weld the transformer directly to the embedment. The advantage to this method of attachment is 
that the transformer is rigidly held to the foundation slab so that lift-off and subsequent impact 
is avoided. If extension plates are needed, they should be stiffened as illustrated in 
Figures 5.35 and 5.58. If overturning moments lift the transformer, the fillet weld would also 
be subjected to bending along the axis of the weld, an unacceptable condition. If an 
unstiffened plate is welded along the edges perpendicular to the edge of the transformer as a 
means to increase the stiffness of the anchorage, those welds will tend to "unzip" when subject 
to lifting loads. All welds should be carefully cleaned and given corrosion protection 
treatment. One of the difficulties frequently encountered when welding the baseplates of 
transformers to embedment plates in the foundation slab is that gaps between the plates may 
occur due to manufacturing or construction tolerances. Gaps should be shimmed and weld 
details should specify adequate weld penetration. 


5.7.3 Bushings 


Bushings are usually mounted on a turret, that is a small cylindrical pedestal, which is 
mounted on top of the transformer case or mounted off of the side of the transformer. The 
bushings are often mounted with the longitudinal axis at an angle of about 15° from 
vertical. In this case, there is a static moment applied to the base of the bushing. A 
bushing is constructed with a conductor surrounded by an insulating material, usually 
porcelain. A mounting flange divides the insulating material with the lower part contained 
in the transformer case and the upper part extending above the turret. The end of the 
conductor that extends beyond the upper porcelain is a binding post for making external 
connections. Most of the earthquake problems with bushings involve the upper porcelain. 


Porcelain bushings have several mechanical designs that can influence their earthquake 
performance. The most common design uses post tensioning to hold the upper porcelain 
member to the metal mounting flange. A gasket forms a seal between the porcelain and the 
flange. A similar design has the porcelain seated in a shallow pocket in the metal flange. A 
third type has the porcelain cemented into a pocket in the flange. Some bushings are 
fabricated from two or more sections, with the sections separated by gaskets and held 
together by the same post-tension forces that holds the porcelain to the flange. New high 
voltage designs have included fiberglass reinforced polymer (FRP) and polymer concrete 
bushings. 


In addition to the bushings for the primary and secondary voltages, there may be 
bushings for tertiary voltages. 
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Figure 5.58 Methods of welding a transformer to an embedment. The use of 
extension plates or angles to weld a transformer to an embedment should be 
avoided as they add flexibility to the anchorage. 


5.7.3.1 Earthquake Performance of Transformer Bushings 


Inertial loads on bushings are due to ground vibrations, which may be amplified by the 
dynamic response of the transformer, the turret supporting the bushing, and the rocking 
response of the transformer associated with soil-structure interaction. There can also be 
interaction loads from the conductors. Bushings may also be influenced by the effect of a 


failed lightning arrester. Issues related to lightning arresters are discussed in Section 5.9, 
Lightning Arresters. 


Figure 5.59 illustrates important design considerations for transformer anchorage. Not 
covered in the illustration are issues related to soil bearing capacity, overturning moments, 
slab strength, soil liquefaction, and soil-structure interaction. 
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The embedment should extend well beyond 
the weld to distribute the load into the concrete 


The thickness of the plate should be adequate to prevent the 
welds from tearing out and distributing the load to the headed 
studs 


The weld should have good penetration and have 
adequate length 


Equipment being anchored 


Foundation slab 
Foundation pad rebar 


Headed studs should extend below the rebar to anchor 
the embedded plate and have adequate spacing 


Anchors should have adequate clearance 
to the edge of the foundation pad 


Figure 5.59 Important features in designing a transformer anchorage. 


Several types of bushing failures have been observed. Most failures are associated 
with bushings that were held to a flat flange under a post-tension load. The most common 
failure is due to the upper porcelain of the bushing moving relative to its support flange. 
There can be an offset of the porcelain relative to its flange, Figure 5.60. Typically offset 
porcelain leak oil. In some cases the gasket between the bushing and the flange protrudes, 
Figure 5.61. There have been many cases where there were signs of fresh oil stains 
indicating that there were leaks during the earthquake, that had stopped by the time of the 
post-earthquake inspection. For this type of bushing, there can be significant variations in 
earthquake performance between bushings from different manufacturers. Bushing 
maintenance practices, primarily post-tension load used in assembling the bushing, may 
also influence bushing performance. 


Some bushings have sustained catastrophic failures, as shown in Figure 5.62. In some 
cases it has been speculated that these failures may have been initiated when the upper 
porcelain of the bushing came in contact with the metal flange after the gasket had been 
blown out. In many of the failures the design of the bushing has not been documented. 
The bushing shown in Figure 5.63 replaced one that had cracked longitudinally over the 
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| Figure 5.60 The porcelain of the bushing has slipped relative to its mounting 
flange. This typically results in oil leaking from the bushing. 


Figure 5.61 A close view of a gasket that was protruding from the porcelain-flange 
interface. 
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entire length of the bushing. The transformer was off-line and the presence of the crack 
only became apparent when dust stuck to a thin oil film that seeped out of the hair-line 


crack. 
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Figure § 5, 62 "The eeGretsi'o on the 500 kV Biehin g shattered. 


When a lightning arrester with a conductor connected directly to a bushing fails and 
falls, the imposed load placed_on the bushing through the conductor_can damage the post at 
the top of the bushing. Several mitigation methods relating to lightning arresters are 


discussed in Section 5.9, Lightning Arresters. 
An unusual failure was the cracking of the metal flange that supported the bushing, 
Figure 5.64. 


Figure 5.63 This bushing replaced one that had a hair-line crack running the length 
of the bushing. 


There have been three transformer explosions and fires that have been attributed to 
earthquakes. Within a few weeks or months after an earthquake, a bushing exploded and 
set the oil in the transformer on fire, resulting in the total destruction of the transformer. 
The details of the failure mechanism are not understood; it may be that the failures are not 
related to the earthquake. A detailed evaluation of the bushings indicates that an arc had 
penetrated the paper insulation just below the mounting flange between the porcelain and 
the center conductor. There was no indication that the porcelain of the bushing had moved 
as a result of the earthquake. 


High voltage fiberglass reinforced polymer bushings have recently been used to replace 
porcelain bushings. These bushings have been subjected to very severe vibration-table 
seismic testing and have performed very well. This material has also been used to replace 
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Figure 5.64 The metal flange supporting this transformer has cracked. 


other porcelain components, such as post insulators and their response to limited seismic 
exposure has been good. Their cost is roughly comparable to porcelain bushings. 


5.7.3.2 Mitigation and Retrofitting Transformer Bushings 


Several approaches have been suggested for improving the earthquake performance of 
transformer bushings. First, it is interesting to note that no circuit breaker bushings have 
been damaged in the United States The bushings on 230 kV oil-circuit breakers should be 
physically interchangeable with those on transformers if they conform to standards. Some 
of these bushings are constructed differently than transformer bushings because of the large 
dynamic loads they can experience under short circuit conditions and during circuit-breaker 
operations. While circuit breaker bushings cost more than transformer bushings, the cost 
differential relative to the cost of a transformer is small. 
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Providing adequate slack to conductor connections may reduce interactions loads and 
improve performance. 


High voltage bushings are often shipped by the manufacturer with a clamp around the 
bushing at the flange-porcelain interface to prevent slippage. At one facility this clamp was 
inadvertently left on the bushing after installation, and this bushing did not fail while others 
at the site did. While this was not the only bushing at the site to survive, it suggests that 
the clamp may have improved the bushing's earthquake performance. This is an unverified 
method to improve the earthquake performance of bushings by preventing slipping and 
possibly keeping the gasket in position. This method may also increase seismic 
vulnerability as it may induce a large contact load between the clamps and the porcelain, 
causing porcelain failure. Corrosion of the clamp may also increase pressure and cause 
porcelain failure. 


It has been suggested that bushing performance may be improved by bonding the 
gasket to one of the surfaces of the flange-bushing interface. This may help keep the 
gasket in position and prevent it from being squeezed or blown out. Again, this mitigation 
method is untested. 


Vulnerable porcelain bushings could be replaced with seismically more robust porcelain 
or fiberglass reinforced polymer bushings. The seismic robustness of bushings can be 
determined through seismic qualification testing described in IEEE Standard 693. 


5.7.4 Radiators 


The radiators on transformers are used to cool the oil that circulates around the 
transformer coils. The oil circulation can be by natural convection. If circulation is by 
pumps, the transformer is referred to as a forced-oil type. If the radiators have fans, the 
transformer is referred to as a forced-air type. For the purposes of this document four 
general classes of radiators are considered. The first class is referred to as manifold 
radiators. Each radiator element is connected to a manifold and the manifold makes the 
fluid and structural connection to the transformer case. This is illustrated in Figure 5.65. 
The second class of radiator has each radiator element connected directly to the transformer, 
and it is referred to as a non-manifold radiator. The upper and lower pipe penetrations for 
each radiator element support the element. The third class of radiator is structurally 
independent of the transformer and is referred to as a self-supporting radiator. These 
radiators are typically associated with transformers that are surrounded by sound insulating 
panels to reduce transformer noise in nearby residential or commercial areas. The radiators 
are supported on their own foundation slabs outside of the acoustical enclosure, 

Figure 5.66. The fourth class of radiator is distinguished by its small size in which the 
volume of the radiator is less than 100 cubic feet. These will be referred to as small 
radiators independent of the details of their design. 
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Figure 5.65 Illustrations of manifold and non-manifold type radiators. 
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Figure 5.66 Self-supporting radiators are positioned adjacent to the acoustical 
enclosure that surrounds the transformer. 


5.7.4.1 Earthquake Performance of Radiators 


While radiator oil leaks are not unusual, most stop after the earthquake or can be 
stopped by tightening pipe flange bolts. Severe leaks have required that the transformer be 
taken out of service. Exposed oil from leaks presents a fire hazard and spills require costly 
cleanup. 


The manifold radiator is the most vulnerable. Typically the lower manifold has a 
structural support that is separate from the piping penetration through the transformer case. 
The lower piping connection, which does not carry any structural load is flexible relative to 
the structural connection. For the upper manifold, the pipe that serves as the penetration 
also serves as the structural support. While some manifold radiators have diagonal braces 
for the lower manifold, few have braces for the top manifold, unless they were designed 
for seismic loads. Oil leaks have occurred at flange connections at upper pipe connections. 
A major leak can require a costly and time consuming cleanup, Figure 5.67. 


An indication of the magnitude of the vertical loads on a manifold is indicated by the 
deformation of the manifold support, Figure 5.68. 


The performance of non-manifold radiators has generally been good; however, in the 
Northridge earthquake such radiators developed cracks in the upper pipe penetrations, 
Figure 5.69. The large radiator elements were not braced on these transformers. 
Surprisingly, the ground motion at the site with the damage had a peak ground acceleration 
of only 0.15 g. 
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Figure 5.67 Oil contaminated soil around the transformer had to be removed as part 
of the cleanup after a severe transformer leak. 


pe am i 
Figure 5.68 The vertical load on the radiator manifold caused its support to 
deform. 
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Figure 5.69 Close up view of the lower connection of the radiator to the 
transformer body is similar to the upper connection that was damaged. 


Self-supporting radiators often use Dresser couplings on the pipes that connect the 
radiator to the transformer. Relative movement between the transformer and the radiator 
have caused leaks at the coupling. Figure 5.70 shows the pipe inside the acoustical 
enclosure with the Dresser coupling on the lower pipe connection. Here, the upper 
coupling developed a leak and has been temporarily removed. 


The performance of small radiators has been good. There may be small radiators of a 
vulnerable design that perform poorly, but they have not been observed in California or 
foreign earthquakes. 


5.7.4.2 Mitigation and Retrofitting Transformer Radiators 


The earthquake performance of radiators can be improved by reducing the structural 
loads that piping must carry. For manifold radiators, braces to the case to carry the radiator 
weight and reduce moments from lateral loads should improve performance. Figure 5.71 
shows important features to improve earthquake performance. 


It is important that the diagonal braces be very stiff because the pipe connections to the 
transformer are very stiff and will still carry most of the load if the brace is flexible. An 
example of a brace that provides marginal benefits is illustrated in Figure 5.72. 
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Figure 5.70 The Dresser coupling connecting the transformer and the radiator pipe 
developed a leak due to the relative movement between the two units. 


It is relatively easy to retrofit most non-manifold radiators. There is a need for a 
structural member tying the radiator elements together. These members are often already 
installed on radiators without seismic designs. Diagonal braces can then be added between 
such a member and the transformer case. It is important that the brace connections are stiff 
and that braces are used at the top and bottom of the radiator elements. A retrofitted 
radiator is shown in Figure 5.73. Issues raised about welding directly to transformer cases 
in Section 5.7.2.2.3 also apply here. 


For self-supported radiators, the pipe connections between the radiator and transformer . 
should have adequate flexibility. The radiator anchorage should be stiff to reduce the 
demands for flexibility in the radiator-transformer connections. 
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Figure 5.71 Schematic diagram identifying important features to improve radiator 
earthquake performance. 
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Figure 5.72 This diagonal brace between the lower manifold and the transformer 
case provided marginal benefits because of the flexibility of the end connection. 
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Figure 5.73 Diagonal braces have been added to this radiator to reduce moments 
applied to the pipe connections. 
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5.7.5 Conservators 


Conservators are large tanks that can hold as much as 1000 gallons of oil that are 
supported above the transformer case. They serve as a reservoir to accommodate the 
expansion of oil in the transformer case as it gets hot. 


5.7.5.3. Earthquake Performance of Conservators 


Two types of failure have been observed: the structural support system failed or the 
pipe connection between the conservator and transformer tank failed. One of the supports 
shown in Figure 5.74 failed; however, the tank did not fall and no oil leaked. In Chile the 
bolts that held the frame supporting the conservator failed and the tank would have fallen to 
the ground if it had not been supported by a fire wall adjacent to the transformer. 
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Figure 5.74 The front support of the conservator failed, but was repaired prior to 
the picture being taken. 
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There has been a failure of the pipe connecting the conservator to the transformer case 
due to the relative movement between the connections. Several factors contribute to the 
conservator failures. Some conservators are bolted to the transformer body with slotted 
connections. The seismic loads are such that the conservator moves relative to the 
transformer case. The second cause of movement between the conservator and the 
transformer case is the flexibility of the conservator to vibrations parallel to the axis of the 
conservator tank. For most designs, the small relative movement between the conservator 
and the transformer case does not cause a problem, but if the piping is stiff and cannot 
accommodate the movement failure can occur. A piping failure resulted in an oil spill of 
about 1000 gallons. 


5.7.5.4 Mitigation and Retrofit Methods for Conservators 


The failure of conservators has been relatively rare; however the consequences can be 
significant. An oil leak can require that the transformer be taken out of service, an 
expensive clean up may be required, and there is a serious fire hazard should the oil ignite. 
For the few transformers that have vulnerable conservator-transformer piping and flexible 
conservator supports, a simple piping modification would eliminate the potential problem. 
If the conservator has to be drained for some other reason, modifying the piping would be 
simple and inexpensive. 


5.7.5.5 Recommended Practices for Conservators 


Clearly the design of the conservator support and piping is the responsibility of the 
transformer manufacturer. The equipment seismic qualification standards should greatly 
reduce structural failures. However, the causes of leaks have been from relative 
movements between the conservator and the transformer and these could still occur without 
structural damage. It is important that the piping connection between the conservator and 
the transformer case have adequate flexibility to accommodate system deflections. In most 
cases this can be provided by incorporating a simple "dog leg" bend in the piping, 

Figure 5.24. 


5.7.6 Tertiary Bushings and Surge Arresters 


Tertiary bushings on transformers usually provide low voltage output that is used for 
station power. 


5.7.6.1 Earthquake Performance of Tertiary Bushings 


The tertiary bushings and lightning arrester on a transformer have been damaged due to 
the flexibility of the bus support structures that imposed loads on the bushings, Figure 
5.75, and possibly from rocking of the transformer due to soil-structure interaction. 


5.7.6.2 Recommended Practices for Tertiary Bushings 


Conductor connections to tertiary bushings should be provided with adequate flexibility 
to accommodate movement of the bus support structure and transformer rocking from soil- 
structure interaction. 
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Figure 5.75 Tertiary bushings were damaged when the bus attempted to restrain a 
flexible bus support system. 


5:7.7 -Transfer.Busses 


A special type of bus, called a transfer bus, is often used to facilitate the rapid 
connection of an existing spare transformer at the site or to connect a mobile transformer 
that is brought from off-site in to replace a transformer that must be taken out of service. A 
transfer bus is a two conductor bus usually installed above a bank of single phase 
transformers. One conductor is for the high voltage and one for the low voltage. 
Connections between the transformer and the transfer bus are usually made with prepared 
jumpers. Some utilities have disconnect switches to quickly switch transformers. 


5.7.7.1 Earthquake Performance of Transfer Busses 


The transfer busses are typically supported on top of a bus support structure over the 
transformers; thus they are subject to the amplified motion of the tall bus support structure. 
There have been several failures of these busses. Figure 5.76 shows the transfer busses 
for two transformer banks. The high voltage busses are undamaged, but post insulators 
supporting the low voltage busses failed. On the far bank the bus can be seen on top of the 
bus support structure. In general, the transfer buss is not energized and its failure would 
not cause disruption. Unfortunately, in some cases the failed bus falls across the three 
phases, shorting them together. 
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Figure 5.76 The low voltage transfer bus for both banks of transformers failed. 
The bus on the far bank can be seen lying on top of the bus support structure. 


5.7.7.2 Mitigation and Retrofit of Transfer Busses 


When transfer busses fail, damaged parts that disrupt service are removed and service 
is quickly restored. The bus is then restored when it is convenient. The strength of post 
insulators used to support the bus should be capable of withstanding the amplified response 
of the tall support structure. Some utilities have removed their transfer busses, feeling that 
temporary conductors can be installed quickly when needed. 


5.7.8 Emergency Response Procedures For Transformers 
5.7.8.1 Temporary Repairs for Bushings 


To make a temporary repair of a leaking bushing to get the transformer back in 
service quickly, the oil around the base of the bushing is removed with a solvent 
and fast setting epoxy is applied to a thin wrap of linen around the porcelain-flange 
interface. If the leak persists, a vacuum line can be attached to the top of the 
bushing, and the cleaning and epoxy process repeated one or more times in an 
attempt to stop the leak. Bushings repaired in this way are later removed and 
repaired when service conditions permit. 


There have been several cases where it was important to keep a transformer in 
service, even though the bushing was leaking. For smaller leaks the transformers 
have been kept in service and the oil level in the bushing closely monitored 
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5.7.8.2 Stopping Radiator Leaks 


Radiator leaks can frequently be stopped by tightening the bolts on the leaking 
flange. In some cases the transformer was kept in service with the leak until service 
conditions allowed the leak to be repaired. 


An innovative method to temporarily stop a leak was installed by line 
maintenance personnel. The leaking radiator connection was covered by an 
adjustable boot, normally used to protect buried cable connections, Figure 5.77. 


Figure 5.77 A boot normally used to protect buried cable was used to seal a leaking 
flange. 


At one substation where a manifold radiator was leaking, the flange on the 
upper pipe connecting the radiator to the transformer was so deformed that 
tightening the bolts would not stop the leaking. To put the transformer back into 
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service quickly, a center punch and hammer were used to deform the flange to stop 
the leak. 


5.7.8.3 Stopping Oil Leaks in Transformer Cases 


A hole was torn in the transformer case where it had been welded to an 
embedment. To keep the transformer in operation until other system repairs could 
be made, a wooden spike was carved to fit the hole and driven in place to stop the 
leak. 


A small leak at a weld in a transformer case was stopped by using a center 
punch and hammer to deform metal near the leak to seal it. 


5.7.9 Summary of Earthquake Issues Related to Transformers 


Because of the large number of issues and the complexity of some of the issues 
related to the retrofit and installation of transformers, a check list of issues is given 
below. 


5.7.9.1 Sudden Pressure, Bucholtz and Protective Relays 
e Earthquakes may cause sudden-pressure and protective relays to trip. 


¢ Before resetting sudden-pressure relays and putting transformers back into service, the 
potential for internal damage should be considered. 


5.7.9.2 Anchorage 


¢ The foundation slab must be thick enough for embedments to develop the needed pull- 
Out strength. 


¢ The area of the foundation slab or the use of piles must be such that the bearing capacity 
of the soil is not exceeded. Where appropriate, the soil under the transformer should be 
compacted prior to pouring the foundation and poor soils may need to be replaced with 
engineered fill. 


¢ The foundation slab dimensions should be designed to withstand overturning moments. 


¢ The foundation slab must be strong enough to withstand bending moments for that part 
of the slab that extends outside the transformer footprint. 


¢ Where conditions for soil-structure interaction exist, various options to reduce potential 
impacts should be considered. These would include providing generous slack to 
conductor connection, using seismically robust bushings, using piers, piles, or other 
means to control foundation movements. 


¢ Anchorage design should consider the strength and stiffness of the entire load path. 
¢ Welding the transformer to embedded steel is the preferred method of anchorage. 


¢ Embedment plates must be stiff enough to prevent welds from tearing the plate, to 
distribute load to headed studs or other means of securing the plate to the foundation 
slab, and to avoid unacceptable thermal deformation during concrete curing. 


¢ Voids in concrete trapped under embedments should be avoided. 


¢ When used for anchoring, studs should be headed rather than "L" or "J" bolts. 
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¢ Welds to embedments should be designed to avoid stress concentrations that will cause 
the weld to "unzip." 


« Welds should be designed to accommodate differences in stiffness of the members 
along the weld length. Welds should conform to minimum requirements of AISC or 
AWS. 


¢ Caution should be used in welding to the transformer case to achieve good penetration 
without overheating. 


¢ When anchoring to an existing foundation slab, grouted, adhesive, or undercut 
expansion bolts should be used. 


5.7.9.3. Bushings 


¢ The performance of bushings is dependent on manufacturing design details and 
possibly maintenance practices. 


¢ Conductor connections between bushings and lightning arresters should be installed so 
that lightning arrester failure does not adversely affect bushings. See Lightning 
Arrester Section. 


¢ The use of restraint bands around the porcelain-flange joint may prevent porcelain from 
slipping and gaskets from being displaced. 


* Conductor connections to bushings should be provided with adequate slack and 
flexibility. 


¢ Conductor connections to bushings should be provided with adequate slack and 
flexibility. 


5.7.9.4 Radiators 


¢ Radiators should be braced to reduce moments on pipe connections that penetrate the 
transformer case. 


¢ For self-supported radiators, connections between the radiator and transformer should 
have adequate flexibility. 


5.7.9.5 Conservators 
¢ The load path of conservators should be capable of supporting the conservator. 


¢ Piping connections between the conservator and the transformer case should have 
adequate flexibility to accommodate the dynamic motion of the conservator. 


5.7.9.6 Tertiary Bushings and Surge Arresters 


¢ The flexibility of tertiary bus connections should be compatible with the flexibility of 
the tertiary bus and its support structure. 


5.7.9.7 Transfer Busses 


¢ Transfer bus porcelain supports should be able to accommodate the loads 
associated with the deformation of tall bus support structures. 


Ds Distribution Transformers 


Distribution type transformer can be found in substations so they are discussed in this 
section. Distribution transformers are typically installed using one of five methods. Older 
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pole-mounted transformers were installed by hooks over the cross arms. Today pole- 
mounted transformers are bolted to the pole. Some transformers are supported on 
platforms between two poles, or for larger transformers the platform may also be supported 
by intermediate poles. Figure 5.78 shows a pole-supported platform where the dotted lines 
indicate an optional intermediate support. Most other distribution transformers are 
Supported on concrete slabs at grade, in vaults at grade or in vaults below grade. These 
transformers typically do not have tabs at their base to facilitate anchoring. 


J Optional support 
for long spans 


Figure 5.78 Pole-supported transformer platform. 
5.8.1 Earthquake Performance of Distribution Transformers 


The earthquake performance of pole-mounted transformers that are bolted to their poles 
has been very good. Platform-supported transformers are often unanchored, although 
some are restrained by wood side rails. In the 1952 Kern County earthquake over 800 
elevated transformers fell from their supports, Figure 5.79. It is not known what 
percentage were supported on platforms or were hooked on cross arms. In many cases the 
wood side rails did not restrain the transformers. There have been very few failures due to 
the failure of wooden poles, even in areas where many poles had severe dry rot. In Japan 
and the Philippines there have been many examples of settling of poles when soil liquefied, 
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Figure 5.80. Platform-mounted transformers are used by some utilities in congested urban 
areas because land for a vault is not available or is very expensive. Should these units fall 
they present a hazard. 
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Figure 5.79 Platform-supported transformers are frequently unanchored to their 
supports. One of the platform-mount transformers was restrained by its conductors 
and the others only tilted. 


Most California utilities have not anchored slab-mounted distribution transformers. In 
the Northridge earthquake over 250 slab-mounted transformers moved on the slabs, 
Figure 5.81. While many transformers moved over 30 cm (foot), and power cables enter 
the transformer through its foundation slab, there was no record of cable damage as a result 
of transformer movement. The transformers had to be repositioned and the utility's policy 
changed so that new slab-mounted transformers will be anchored. 


5.8.2 Mitigation and Retrofit of Distribution Transformers 


The current practice of bolting pole-mounted transformers to their poles has been 
effective. As remaining crossbar-hook-type transformers are replaced the vulnerability of 
this type of transformer will be eliminated. If hooked transformers are used at critical 
facilities, it is suggested that a few wraps of wire across the open hook or around the 
crossbar and hook should keep these units in place. Most slab-supported distribution 
transformers are provided with anchor tabs near their base plates. Since the disruption 
caused by the lack of anchorage has been minor, retrofitting may not be justified, except at 


critical facilities. It is recommended that standard practice for new installations provide 
anchoring. 


144 


Figure 5.80 The poles supporting these transformers sank into the liquefied soil 
several feet so that a pedestrian could reach up and touch the transformers from the 
roadway. 


5.8.3 Recommended Practice for Distribution Transformers 


Distribution transformers should be anchored to their support structures. In 
some California utilities, the engineering department recommendations to anchor 
platform-supported transformers have been ignored by operations, reportedly to 
facilitate rapid transformer replacement. Figure 5.82 shows a method for 
restraining platform-mounted transformers that should not impede rapid 
replacement. For each transformer, a channel is bolted to the platform adjacent to 
the transformer in the front and back. The figure only shows the front channel but 
the inset shows the positioning of both restraints. A wood member that makes 
contact with the transformer case is secured inside of the channel. Plastic industrial 
strapping is used to secure the transformer to the restraints (shown separated from 


145 


Figure 5.81 Slab-mounted distribution transformer was unanchored and slid on its 
slab. 


the restraints and transformer for illustrative purposes). The restraints are placed at 


one end of the transformers rather than opposite ends so that they can accommodate 
any size transformer. 


5.9 Lightning (Surge) Arresters 


A lightning, or surge, arrester limits the voltage on the line to which it is connected. 
Under normal conditions it acts as an open circuit. If the voltage exceeds a predetermined 
value, the lightning arrester becomes a low impedance path to ground. Some lightning 
arresters are fitted with strike counters. These are devices that count the number of times 
that a lightning arrester is activated. For strike counters to operate, the lightning arrester 
base is electrically isolated from its support with short standoffs and the ground lead goes 


through the strike counter. Lightning arresters and their standoffs are considered in this 
section. 
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Figure 5.82 Method for restraining platform-mounted transformers to their 
platforms. 


A lightning arrester consists of a porcelain member with a mounting flange at its base 
and conductor connection at the top. Lightning arresters made of a composite material 
rather than porcelain are available, but few high voltage units have been subjected to 
earthquake. Some lightning arresters are fabricated by bolting together a stack of shorter 
units. Lightning arresters are typically connected to the high and low voltage leads near 
transformer bushings. They are supported on top of the transformer, on booms extending 
from the transformer case, or on a separate post near the transformer. The last is common 
for equipment operating at or above 500 kV. 


5.9.1 Earthquake Performance of Lightning Arresters 


Lightning arresters are the most frequently damaged item in a substation. They usually 
fail at the sand ring just above the mounting flange or the standoffs fail, Figure 5.83. 
About equal numbers fail at the sand ring and the standoffs. It has been observed that 
standoffs are often used even when strike counters have not been installed. Also, it 
appears that even when strike counters are installed, they are no longer actively used. 
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Figure 5.83 The two lightning arresters in the front failed at the standoff while the 
one further back failed at the base of the body of the arrester. 


The failure of lightning arresters is due to vibration-induced loading or to interaction 
loads applied through the conductors. Figure 5.84 shows three damaged lightning 
arresters on the ground next to the transformer. These lightning arresters were connected 
to the main conductor by drops from the conductor. (The conductor drops had been 
removed by the time the picture was taken.) One of the reasons for the high failure rate of 
lightning arresters is probably due to the amplified response of the lightning arrester 
support structures supported from the transformer case. Figure 5.85 shows a support 
boom without a lightning arrester. (This lightning arrester failed at the sand ring; the base 
plate was removed prior to taking the picture.) This failure was attributed to the lack of 
slack between the lightning arrester and a disconnect switch. The disconnect switch 
support structure was relatively flexible. 


Most 500 kV and many lower voltage lightning arresters are supported on their own 
support posts near the transformer. Other substation equipment, such as potential 
transformers, current-voltage transformers and wave traps have similar supports. There 
have been some failures of this type of detail. Figure 5.86 shows the failure of the weld 
between the post and the base plate. Close inspections suggest poor weld penetration. 
Figure 5.87 shows concrete breakout of an anchor bolt. There have been many cases 
where the anchor bolts have stretched or pulled out of the foundation slabs. This can be 
difficult to evaluate because the nuts are often spiked to prevent them for turning or the 
loads have jammed the nut and bolt so that they do not turn freely. For this reason it is 
very useful to place a washer under the nut. If the bolt has stretched, it is easy to check if 
the washer is loose. One factor that contributes to the dynamic response is flexibility of the 
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Figure 5.84 The three lightning arresters failed. The drops from the overhead 
conductor were removed before the picture was taken. 


anchor detail. It is important to distinguish between the strength of an anchorage and its 
flexibility. A thin base plate with anchor bolts relatively far from the support column and 
no gusset plates can constitute a flexible overall system. This tends to lower the natural 
frequency into the high energy part of the earthquake spectra and generate relatively large 
displacements at the top of the lightning arrester. Depending on the conductor 
configuration, the restraining loads may be transmitted to the transformer bushing. 


5.9.2 Mitigation and Retrofit of Lightning Arresters 


The result of most lightning arrester failures is the shut down of the transformer, as the 
dangling lightning arrester typically causes a short circuit with the transformer case or other 
grounded member. A potentially more disruptive effect is damage to a transformer 
bushing. This can occur when the failed lightning arrester swings into the bushing. 
Falling lightning arresters have also damaged conductor posts on bushings. 
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Figure 5 85 This lightning arrester probably failed due to the lack of slack between 
it and the disconnect switch to which it was connected. 


In some configurations, it may be possible to reconductor the lightning arrester so that 
it is not connected directly to the bushing or to use a smaller conductor to the bushing. 
These methods are discussed in detail in the section on recommended practices. 


About half of lightning arrester failures can be attributed to vulnerable standoffs. The 
earthquake performance can be improved by removing the standoff if strike counters are no 
longer actively used or replacing them with less vulnerable designs. 


5.9.3. Emergency Response Procedures for Lightning Arresters 


Within California the most common practice is to remove a damaged lightning arrester 
from the circuit so that the transformer can be put back into service. It is not uncommon 
for months to elapse before units are replaced. In most areas of California lightning is very 
rare most of the year. This practice would be ill advised in areas more vulnerable to 
lightning. 


5.9.4 Recommended Installation Practices for Lightning Arresters 


Figure 5.88 shows several alternatives, including the preferred methods, for connecting 
a lightning arrester to a transformer. Some of the principles can be used for other 
conductor configurations including the use of rigid bus. Case A shows one of the common 
methods of configuring the conductor. The difference between it and Case E is that the 
upper connection of the drop to the lightning arrester is moved away from the bushing. 
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Figure 5.86 A post fell over when the weld between the base plate and post failed. 


The intent of this configuration is that if the lightning arrester fails, it will swing away from 
the bushing so that it is less likely to strike and damage the bushing. Cases B and C are 
similar to Case F. It is preferable to connect the lightning arrester conductor to the 
conductor dropping to the bushing rather than directly to the bushing binding post. In the 
preferred method, if the lightning arrester fails, the weight of the falling lightning arrester is 
placed on the conductor drop. This connection will be more flexible so that the impact load 
will be less and the load will be shared by the upper end of the drop and the bushing. If it 
is connected to the bushing binding post, all of the load will be applied to the bushing, and 
because this connection is relatively stiff, impact loads will be large. Finally, the size of the 
lightning arrester-bushing conductor can be lighter weight. This will not affect the 
operation of the lightning arrester and the connection may break at a lower force level, 
reducing the load on the bushing and its conductor. The least desirable configuration is 
Case D, as the transformer current is carried on bushing-lightning arrester conductor so its 
size cannot be reduced and if the lightning arrester fails, it will tend to swing into the 
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Figure 5.87 ‘Loads ona post anchor caused the bolt to break out of t 
because of inadequate edge distance. 


bushing. In some configurations, if the overhead conductors are skewed relative to the line 
of bushings, there can be a problem of phase-to-phase clearance due to the slack in the 
lightning arrester drop. This can be addressed by staggering the position of the upper 
contacts to the overhead conductor. For example, the center phase upper attachment point 
could be positioned further from the bushing. 


The base connection of self-supporting post-mounted lightning arresters should be 
stiff. Figure 5.89 shows a very thin base plate and the bolts positioned further from the 
tube wall than is needed. Figure 5.90 is a schematic diagram that illustrates design 
principles. As the bolts are moved closer to the tube wall, a given moment exerts a larger 
force on the bolt. If the bolts are moved away from the tube wall, a stiffening gusset 
should be added between the base plate and tube. 


About half of the lightning arrester failures are due to the failure of standoffs. They 
should not be used unless a strike counter is needed. Standoffs have two designs. Those 
shown in Figure 5.77 consist of porcelain with a stud protruding from each end. When 
installed and under load, the axial load to resist overturning moments must be carried by the 
porcelain in tension. Figure 5.91 shows another design. The porcelain members sandwich 
the anchor tab of the lightning arrester. A bolt passes through holes in the porcelain, and 
anchor plate at the top of the support post. In this configuration the bolt carries the tensile 
loads and the porcelain is under compressive loads. No failures have been observed in this 
type of standoff. 
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Figure 5.88 Variations in bushing-lightning arrester connections. 


Figure 5.89 A thin base plate and bolts located away from the tube wall create a 
flexible anchorage system. 
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Figure 5.90 Schematic diagram showing details for a stiff anchorage. 


Generally seismic design criteria in this document are drawn from IEEE 693. For 
lightning arresters supported on transformers, the IEEE recommended practice has a safety 
factor of 2 over that for post-mounted lightning arresters. The flexibility of ightning 
arrester support booms, when combined with the overall transformer amplification and the 
possibility of soil-structure interaction suggest that a more conservative factor of safety 
should be considered. However, this suggested added conservatism should be weighed 
against the relatively small potential for long-term disruption associated with lightning 
arrester failure if the installation recommendations contained in this document are followed. 


5.10 Current Transformers 


Current transformers are used to measure the current flowing in a high voltage circuit. 
The data that they provide is used for system protection, metering, and other control 
functions. A current transformer consists of a large bushing on top of a box, and it usually 
has its own support structure. It is frequently located adjacent to circuit breakers. Current 
transformers are also incorporated in gas-insulated circuit breakers and some are 
incorporated in circuit breaker bushings; these types are not considered here but are part of 
the general performance of circuit breakers. 
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Figure 5.91 Standoff design puts porcelain under compression and the bolt carries 
tensile loads. 


5.10.1 Earthquake Performance of Current Transformers 


Seismic loads on current transformers are due to vibration response of the equipment, 
including its support structure, and interaction loads from adjacent equipment through 
conductor connections. There have been cases where the dynamic response of the current 
transformer caused damage to the circuit breaker without being damaged itself. As is the 
case in assessing the earthquake performance of many items of substation equipment, when 
adjacent items of equipment are damaged, it is difficult to determine which item failed first, 
or if interaction loads caused the failures. Current transformers are located adjacent to 
circuit breakers and there is often interaction between the two items. 


Current transformers have developed leaks between the bushings and the supporting 
box. Some of these leaks appear to have occurred independent of interaction with the 
adjacent circuit breaker. 


Figure 5.92 shows an overview of an undamaged live-tank circuit breaker and current 
transformer, and the lack of slack in the connection between the units. The support 
structures are relatively stiff, but the tall, slender interrupter-head columns of the circuit 
breakers are relatively flexible. Figure 5.93 shows that the connections between the circuit 
breaker and the current transformer failed. A close-up view of the current transformer 
connection shows that the cast aluminum cable fitting failed, Figure 5.94. However, 
Figure 5.95 shows that the interconnection did not break before the porcelain near the 
flange that joins the upper and lower parts of the current transformer failed. In this case the 
flexibility of the circuit breaker structure and the lack of slack in the connection to the 
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current transformer caused the failure of the current transformer. Figure 5.96 shows a 
current transformer and the rigid connection between it and the adjacent circuit breaker. 
The porcelain strut was provided to resist wind loads. The base of the current transformer 
is supported on a chair, shown in Figure 5.97. The base of the chair is much larger than 
that of the current transformer so that the channels provide a flexible support. An 
evaluation of the support indicates that the natural frequency of the current transformer 
supported in this way is between one and two hertz. This places it in the high energy part 
of the ground spectrum. The flexibility of the current transformer support structure and the 
lack of slack in the conductor between the circuit breaker and the current transformer 
contributed to the failure of the circuit breaker. As a result, two circuit breaker interrupter 
head support columns failed as well as many of the porcelain struts. Strong motion 
instruments near the site recorded peak ground accelerations of only 0.05 g. At the same 
site another circuit was installed about a year after the first using the same equipment, but 
the chair was smaller so that legs were directly under the current transformer case. This 
raised the natural frequency of the current transformer and none of the circuit breakers were 
damaged in the earthquake. 


Figure 5.92 A live-tank circuit breaker with limited flexibility to the adjacent 
current transformer. 
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Figure 5.93 Failed connections between circuit breakers and current transformers. 


Figure 5.98 shows damaged current transformers resulting from the failure of live- 
tank circuit breakers. The conductors seen hanging from the current transformer had 
been retrofitted to provide flexible connections, but the collapse of the circuit breakers 
made excessive demands. Note that the conductor hardware failed, but not before 
damaging the current transformer. 


5.10.2 Mitigation and Retrofit of Current Transformers 


Providing adequate slack between the current transformers and circuit breakers has 
been done to prevent interaction and damage. Figure 5.95 shows a flexible link that 
replaces the rigid connection shown in Figure 5.99. 
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Figure 5.94 The cast aluminum cable connection ailed. 


Figure 5.95 Conductor interaction loads probably caused the failure of the 
porcelain just below the flange between the upper and lower halves of the current 
transformer. 
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Figure 5.96 Flexibility in the current transformer support structure and the lack of 
slack in the conductor resulted in damage to the circuit breaker. 
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Figure 5.97 The flexibility in the support channels lowered the natural frequency of 
the current transformer-support structure assembly. 
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Figure 5.98 Collapse of the live-tank circuit breakers damaged the adjacent current 
transformers. 


As can be seen in Figure 5.98, generous slack will not prevent damage if equipment 
collapses. An alternative is to incorporate a breakaway connection to isolate adjacent pieces 
of equipment. This is what happened with the connection shown in Figure 5.94, but in 
this case the connection was not an engineered breakaway connection and the failure load 


still caused damage to the equipment. These issues are discussed in Sections 5.6.4 and 
5.6.6. 


5.10.3 Emergency Response Procedures for Current Transformers 


Plastic sheeting and absorbent material is often placed under leaking current 
transformers to confine the leaking oil and avoid the need to remove contaminated soil. 
Frequently the available supply of the normal material used as an oil absorbent is exhausted 
and locally available cat litter has been used. Keeping a roll of plastic sheeting at 
substations can facilitate a fast response and reduce oil contamination. 
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Figure 5.99 The flexible connection between the circuit breaker and the current 
transformer has replaced a rigid connection that contributed to circuit breaker 
damage. 


The failure of current transformers is usually accompanied by circuit breaker failures so 
that bypassing the current transformer will not solve the problem. When isolated current 
transformers have been damaged, it is usually part of a breaker-and-a-half bus - 
configuration and the current transformer can be isolated without disrupting service. In 
cases of severe damage to the switchyard, the entire switchyard has been bypassed. 


5.10.4 Recommended Installation Practices for Current Transformers 


The recommended practice is to provide stiff support structures and generous slack to 
connections with the current transformer. If breakaway connections become commercially 
available, they could serve to isolate damage. For new designs, equipment should meet the 
requirements of IEEE 693 so that individual equipment items will be much more robust. 
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Finally, in California there has been a tendency to use dead-tank circuit breakers so that the 
need for independent current transformers is reduced. 


5.11 Instrumentation Transformers 


Voltage measuring devices take several forms and are referred to by various names 
including current-voltage transformers, potential transformers, capacitive coupling potential 
transformers, and capacitive coupling potential devices. For simplicity all of the devices 
will be referred to as instrumentation transformers (IT). From an earthquake perspective, 
their external physical form and earthquake performance are similar and will not be 
distinguished from each other here. Historically, potential transformers tend to be larger 
and heavier than the other devices so that they may have lower natural frequencies. The IT 
usually consists of a porcelain column attached to the top of a metal box. The external 
physical design of units from different manufacturers varies and their earthquake 
performance may also differ. 


ITs are used to measure line voltage and their output can be used for system protection, 
metering and control functions. The output from many ITs is used to locate line faults, and 
their loss may reduce the quality of system protection. 


The method of installation is influenced by their function and position in the 
switchyard. ITs are typically supported in one of four ways as illustrated in Figure 5.100. 
Case A illustrates a column support structure, where the strength and stiffness of the 
support column can have wide variations at different facilities. Case B illustrates a 
suspended system; various methods are used to restrain suspended IT from below. 
Restraint configurations would include a fixed restraint to a lower support structure, a 
spring loaded restraint to lower support structure, a cable with or without a spring anchored 
to a foundation slab, or a weight with a guide just below the IT. Case C illustrates a 
common configuration found below transmission lines as they enter the substation site. 
Case D illustrates a support attached to adjacent disconnect switches. There are wide 
variations in design and performance within each of these general forms. 
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Figure 5.100 Installation configurations for instrumentation transformers. 
5.11.1 Earthquake Performance of Instrumentation Transformers 


ITs operating below 220 kV have performed well. Units operating at 220 kV and 
above and conforming to the configuration shown in Case A frequently fail their porcelain 
where it joins the box, as shown in Figure 5.101. Most failures are isolated so that it is 
clear the IT is vulnerable rather than being pulled down by an adjacent item of equipment. 
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In general, units supported on stiff support structures did not fail. In the Northridge 
earthquake at four severely shaken substations, units with the common, more flexible 
support column had failure rates of about 15% at 3 substations and 25% at another. No 
ITs supported on stiff support structures failed. Belleville washers had been placed on 12 
units at one severely shaken substation. None on stiff support columns failed while four of 
six failed with flexible support columns. Thus, the failure rate of the units with Belleville 
washers on flexible supports was twice that of units without Belleville washers on flexible 
supports. 
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Figure 5.101 Four of six potential transformers supported on more flexible support 
columns and with Belleville washers failed. The less massive current-voltage 
transformers supported on stiffer columns and with Belleville washers were 
undamaged. 


The performance of units conforming to the configuration shown in Case B is 
interesting, because the survival rate of the ITs is very good, but the equipment adjacent to 
them appears to have been damaged by interaction loads. Figure 5.102 shows the spring 
used to restrain the bottom of the IT at the top of the restraint column. (The rope is a 
temporary restraint.) The buckling and the tearing of the aluminum angle that holds the 
restraint shackle can be seen. Once the units broke free, the IT moved enough to pull on 
and tear the insulation of the lower voltage signal cable. The ITs appeared to be electrically 
undamaged except for the damaged signal cables. The anchorage on many of the restraint 
posts was severely damaged, suggesting that they were under high lifting loads, 

Figure 5.103. The dynamic response of the system is not understood, but it appears that 
the vertical dynamic response of the structure that supported the IT may have contributed to 
the damage. The evaluation of the response from two earthquakes indicates that suspended 
equipment performs better than the same equipment supported on posts. However, it is 
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difficult to prevent the equipment from swinging so that interaction loads can be very 
destructive to adjacent equipment. 
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Figure 5.102 The restraint spring, the damaged restraint attach 
damaged signal cable illustrate the damage to suspended ITs. 


ment point, and 


Failures are frequently observed in ITs that conform to the configuration shown in 
Case C. Figure 5.104 shows a failed IT in which the cables on the damaged unit had been 
removed prior to taking the picture. The unit had been cleared from the cable. The 
conductor configuration shown on the undamaged unit in the background suggests that 


inertial loads caused the failure rather than cable interaction. 


The variation of support systems represented in Case D precludes drawing general 
conclusions about performance, other than to note that failures have been observed for this 


class of configuration. 
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| Figure 5.103 ‘The failure of the anchor bolts and the deformation of the base plate 
indicate the anchorage was subjected to very large loads. 
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Figure 5.104 The IT in the foreground has fai 


led. The configuration of the 


conductors seen in the background suggests that the failure was due to inertial 
loads. 
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The observed failures of ITs in a broad range of installation configurations suggests 
that the units are inherently vulnerable. The damage pattern suggests that the performance 
of equipment from different vendors differs. 


5.11.2 Mitigation and Retrofit of Instrumentation Transformers 


Mitigation methods were attempted by mounting the units on Belleville washers with 
the intent to introduce damping into the system. The results were mixed and appeared to be 
more a function of the stiffness of the support columns and its anchorage than due to the 
use of the Belleville washers. 


5.11.3 Emergency Response Procedures for Instrumentation Transformers 


Typically, damaged units are cut from the line and the system put back into service. 
Damaged units are replaced as conditions permit. 


5.11.4 Recommended Installation Practices for Instrumentation Transformers 


The requirements of IEEE 693 should improve the performance of vulnerable ITs. 
Damage patterns indicate that stiff support structures improve the earthquake performance 
of ITs. The overall performance of suspended ITs and adjacent equipment indicates that an 
improved method of restraining these devices is needed. The approach used for suspended 
wave traps, which is discussed in Section 5.15, is not applicable because of the different 
requirements for conductor connections. 


5.12. Circuit Breakers 


Circuit breakers are designed to open a circuit when it is energized, even when the 
current exceeds its normal operating value, for example when there is a fault on the line. 
They are designed to operate quickly, from 1 to 5 cycles of line frequency. They are a 
critical element in the protection system. Various substation bus configurations incorporate 
different degrees of redundancy, so that one or more circuit breakers, depending on the bus 
configuration and the position of the circuit breaker, can be taken out of service without 
affecting the operation of the substation. 


Circuit breakers fall into four groups: bulk oil, live-tank non-puffer type, live-tank 
puffer type, and gas insulated dead-tank circuit breakers. Dead-tank circuit breakers can 
use a puffer design, they are grouped with dead-tank circuit breakers. For simplicity, live- 
tank non-puffer type circuit breakers will be referred to as live-tank circuit breakers, and 
live-tank puffer circuit breakers will be referred to as puffer circuit breakers. The 
earthquake performance, mitigation and retrofit of each of these types of circuit breakers are 
described in the following section. 


Live-tank and puffer circuit breakers either have a current transformer incorporated into 
one of the interrupter head columns or have a self-contained unit adjacent to the circuit 
breaker. As noted in Section 5.10, Current Transformers, interaction between circuit 
breakers and the free standing current transformers have caused circuit breaker damage. 
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5.12.1 Earthquake Performance, Mitigation, and Retrofit of Circuit Breakers 
5.12.1.1 Bulk Oil Circuit Breakers 


Bulk oil circuit breakers are a type of dead-tank circuit breaker, available at voltages of 
345 kV or less. Each phase usually takes the form of a vertical cylindrical tank with 
bushings on top, although "pocket watch" shaped units also exist. Three single-phase 
units are usually welded to a skid that rests on a concrete slab. The skid can be welded to 
steel embedments in the slab, bolted to the slab with cast in place bolts or expansion bolts, 
or restrained with bolted friction clips. 


In some substations, isolation and bypass disconnect switches are mounted on the bus 
support structure above each circuit breaker, Figure 5.105. 


Figure 5.105 Bus support structure supporting disconnect switches above circuit 
breakers. 
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5.12.1.1.1 Earthquake Performance of Bulk Oil Circuit Breakers 


The performance of bulk oil circuit breakers has been very good, with no failures in the 
United States Circuit breaker assemblies have moved slightly due to slipping of friction 
clips, and anchor bolts have stretched, but movement of bulk oil circuit breakers has not 
contributed to any damage. 


There has been secondary damage to bushings when disconnect switches located above 
the circuit breaker failed, fell on the circuit breaker, and damaged sheds on bushings, 
Figure 5.106. In the 1995 Kobe, Japan, earthquake, there were several cases where the 
bushing porcelain slipped on its support flange, similar to that observed on the transformer 
shown in Figure 5.60. The differences between United States and Japanese practices that 
would account for the differences in performance could not be determined. There have 
been many cases where inadequate slack between a circuit breaker and an adjacent 
disconnect switch has caused a failure, but the disconnect switch rather than the circuit 
breaker bushing failed, Figure 5.17. 


Figure 5.106 Parts of damaged disconnect switches located above the circuit 
breaker fell and damaged the circuit breaker bushing. The chipped shed did not 
affect the operation of the circuit breaker. 


There have been leaks in low voltage (34.5 kV) circuit breakers where temporary leaks 
developed between the lid and tank during the earthquake, Figure 5.107. 
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Figure 5.107 Leaks developed in low voltage circuit breakers between the lid and 
case. 


5.12.1.1.2 Mitigation and Retrofit of Bulk Oil Circuit Breakers 


To prevent the movement of equipment held by friction clips, the clips are often welded 
to the skid, Figure 5.108. 


5.12.1.2 Live-Tank Circuit Breakers 


Live-tank circuit breakers typically consist of one or more metal tanks that contain the 
interrupter-head mechanism, supported on porcelain columns. Circuit breakers operating 
between 161 kV and 230 kV typically have two columns. Units operating at 500 kV may 
have from three to five columns. 
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Figure 5.108 Bulk oil circuit breakers are frequently held by friction clips. To 
improve earthquake performance, clips have been welded to the skid as shown 
here. Because of the large number of clips used to secure the circuit breakers, the 
slipping or loosening of the clips has not caused any malfunctions. 


The interrupter heads are supported by three different systems. One type consists of 
porcelain members with flanges at each end and the column is fabricated by bolting the 
members together. The second type of construction uses porcelain cylinders that are 
stacked on top of each other, separated by gaskets and secured by internal tendons that are 
tightened to hold the column together. In one of these designs there are internal wood 
tendons and external diagonal porcelain struts that are used to brace the column for wind 
loads. A seismically upgrade version eliminated the struts and replaced the wood with 
fiberglass tendons. A third type uses a space frame made of porcelain and aluminum 
members. Multiple interrupter head units can be connected with rigid links, flexible 
braided conductor, or thin stacked aluminum plates. Typically, each phase of the circuit 
breaker has its own foundation slab and support structure. 


5.12.1.2.1 Earthquake Performance of Live-Tank Circuit Breakers 


The performance of live-tank circuit breakers operating at 230 kV and above has 
generally been very poor. Several failure modes have been observed. Even for a given 
manufacturer, the form of the circuit breaker has changed significantly as the designs 
evolved, and each form has its own failure modes. Some of these designs have failed at 
ground motions as low as 0.05 g. 


Several failure modes have been observed. Some units had anchorage failures and the 
entire circuit breaker tipped over, Figure 5.109. While other units at this site did not tip 
over, the circuit breakers were still severely damaged. The failure of the anchorage on the 
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units that did not tip over could have contributed to the circuit breaker damage. This will be 
discussed below. The use of fiberglass tendons inside the interrupter-head support 
columns has better seismic specifications than those that use wooden tendons; however, 
their earthquake performance was still poor. 
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Figure 5.109 A live-tank circuit breaker slid and tipped over. Friction clip anchors 
proved ineffective to prevent this. 


Two failure modes are associated with interrupter-head support columns: failure of 
porcelain members and leaking of gaskets separating column members. The failure of 
porcelain support column is shown in Figure 5.110. These columns are often under 
internal gas pressure. When the column fails it does so with explosive force hurtling 
porcelain shards up to a 100 feet from the circuit breaker. While this has not caused any 
injuries to personnel, other, nearby porcelain has been damaged. The substation shown in 
Figure 5.110 had four circuit breakers (12 phases) of the type shown in Figure 5.106. 
This was the only one of the twelve phases that had friction clip anchors that had lifted, 
Figure 5.111. While it is not known if the bolt stretched or pulled out, the gap above the 
clip means that the breaker could have experienced an impact load when the leg dropped 
back to the foundation slab and that could have contributed to the porcelain failure. The 
circuit breaker would also have been susceptible to sliding from beneath the friction clip 
and tipping over. In this configuration, friction clips have several characteristics that can 
contribute to damage. First, the clip is held by a single bolt, so that the clip can rotate 
around the bolt and release the equipment when subjected to a transverse load. Second, if 
there is a gap between the equipment flange and the bolt, the equipment can slide toward 
the bolt allowing the flange on the opposite side of the equipment to slide from under the 
friction clip. Third, if the equipment slid and is stopped by the bolt, all lateral restraint is 
provided by that bolt and the bolt on the opposite side carries no load. Also, if the 
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equipment slides and is stopped abruptly by the bolt, impact loads are introduced. Finally, 
when subjected to vertical loads that start to lift the equipment, prying action can increase 
the load on the bolt by a factor of two or more. All of these deficiencies suggest that 
friction clips should not be used unless they are welded to the flange that is being clamped. 
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Figure 5.110 One of the three interrupter head columns has failed and fallen to the 
ground. The fallen column has already been removed. This unit is a seismically 


upgraded version of the type shown in Figure 5.92 as indicated by the absence of 
porcelain stays. 


The second failure mode of the support column is that gaskets between porcelain 
segments are blown or squeezed out so that the internal gas pressure is lost. The loss of 
gas pressure may Cause an interlock to prevent the circuit breaker from opening. Replacing 


leaking gaskets can require one or two days effort, assuming replacement parts are 
available. . 
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Figure 5.111 Friction clips used to secure a circuit breaker allowed the circuit 
breaker to lift off of the foundation slab. Impact loads when the unit fell back to the 
slab could have contributed to the failure. 


The failure of the interrupter-head gaskets is very common for the circuit breaker 
shown in Figure 5.112. Two types of failure have been observed as the two heads rock 
back and forth. Note that each column is structurally different, since one column 
incorporates a current transformer that is contained in the tank below the left column. As a 
result, their dynamic responses will be different. If they vibrate perpendicular to the plane 
of the columns, the interaction load causes the gaskets to blow on opposite sides of the 
interrupter heads, Figure 5.113. If they vibrate in the plane of the columns the gaskets 
blow on the top and bottom of the interrupter heads. In looking through the graveyards of 
damaged equipment after earthquakes, gaskets are blown on units that have collapsed, 
indicating that the threshold of damage for this type of failure is very low. When there is a 
loss of pressure in the interrupter head, an interlock prevents the circuit breaker from 
opening. A more flexible connection between the interrupter heads may provide a small 
improvement in earthquake performance. 


Figure 5.114 shows a damaged live-tank circuit breaker. In addition to the damaged 
support columns, the small diameter, T shaped porcelain structure has also failed. This 
carries high pressure gas to the interrupter head and is very vulnerable and typically fails 
before the support columns. A strong motion instrument in the basement of an adjacent 
pumping plant recorded a peak acceleration of 0.08 g. The circuit breakers probably 
experienced a slightly higher acceleration. The damage pattern in this switchyard was very 
interesting [5.4]. The switchyard was constructed on fill across a small ravine. The units 
above the deepest part of the fill were undamaged. This switchyard also contained a base 
isolated circuit breaker, Figure 5.115. While the base-isolated unit was undamaged, 
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Figure 5.112 One of the more vulnerable models of live-tank circuit breaker. This 
site was designed for 0.5 g. It was constructed before the 1971 San Fernando 
earthquake and only circuit breakers "qualified" to 0.2 g static analysis were 
available at that time. 


nearby units were also undamaged, so this earthquake does not demonstrate the 
effectiveness of this method of protection. Live-tank circuit breakers of many different 
designs have been damaged, Figure 5.116. 


The live-tank circuit breaker shown in Figure 5.117 is an unusual design in that a space 
frame constructed of porcelain and aluminum members supports the interrupter head. Note 
that the porcelain members are relative thin. In this configuration, porcelain members are 
primarily subjected to axial loads rather than bending loads, a much more efficient loading 
for porcelain. An interrupter-head support on this circuit breaker failed, but it was an 
aluminum casting rather than porcelain. Figures 5.118 and 5.119 show the interrupter 
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head and the failed aluminum casting. The brittle failure of the casting may have started at a 
hole in the casting that acted as a stress raiser. 
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Figure 5.1 13 An interrupter- ead gasket can be seen protruding along the side of 
the head. 


Figure 5.120 shows a circuit breaker that had been disassembled, moved to the site and 
reassembled to rebuild the site. Review of Figure 5.120 shows that the interconnection of 
the interrupter heads is rigid, and, when the system vibrates, significant torsional loads 
could be applied to the interrupter head and its support column. Very often when this type 
of equipment is analyzed, only one support column is evaluated because all of the columns 
are the same. When this is done, interaction loads between columns are neglected. 


Figure 5.121 shows the damaged circuit breaker before it was replaced by the unit 
shown in Figure 5.120. While the ground motions at the site were large, this circuit 
breaker had been qualified by analysis based on response spectra anchored at 0.5 g. The 
circuit breaker support structure used bolted connections with slotted holes. An evaluation 
after the earthquake showed that the zinc protective coating around the holes had been 
burnished by the back and forth action of the bolt in the slot. When a bolt is suddenly 
stopped at the end of a slotted connection, impact loads are introduced to the structure and 
the equipment it supports. This may have contributed to the equipment damage. 


Many of the various designs of live-tank non-puffer circuit breakers have been 
damaged. While some of these units may fail at peak accelerations below 0.1 g, others 
have survived 0.3 g. Details of anchorage, support structures, slack in conductor 
connections, and the frequency content of the excitation influence their performance. 
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Figure 5.114 Damaged live-tank circuit breaker with damaged support columns 
and high-pressure gas piping system. 
5.12.1.2.2 Mitigation and Retrofit of Live-Tank Circuit Breakers 


Friction clip anchors not only allow circuit breakers to fall over, but may also contribute 
to porcelain failure by allowing impact loads to be generated. Welding the friction clip to 


the flange that it is clamping can eliminate this and other problems. 


A suggestion has been made to place a retaining strap around support columns at 
porcelain joints in an attempt to retain gaskets. While this would be a low cost remedy, its 


effectiveness is unknown. 
Providing more flexible connections between interrupter heads may improve their 


performance. 
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Figure 5.115 Base isolated circuit breaker that was undamaged at the same location 
as that shown in Figure 5.114. The damage pattern at the site does not 


demonstrate the effectiveness of this type of protection. 
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Figure 5.116 Live-tank circuit breaker with interrupter-head support column 
damage. 
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Figure 5.117 Live-tank circuit breaker that uses a space frame to support the 
interrupter head. 


Support structures that utilize slotted connections should have these connections welded 
after the units are assembled. Figure 5.122 shows a detail of the support structure of the 
circuit breaker shown in Figure 5.120. The circuit breaker that was moved to the site after 
the earthquake was installed on the existing support structure, and slotted connections were 
welded to prevent the working of the connections. 


Within California many of these vulnerable units have been damaged in earthquakes 
and replaced with more seismically robust units. 


5.12.1.3 Puffer Circuit Breakers 


Figure 5.123 shows puffer circuit breakers in a 500 kV DC switchyard. In these units, 
members in the porcelain column that supports the operating mechanism have bolted 
flanges rather than internal tendons to hold them together. The interrupter mechanism is 
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Figure 5.119 Aluminum casting supporting the interrupter head had a brittle 
fracture failure. 
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located at the top of the porcelain column, but the massive tank used in the live-tank design 
has been eliminated. Some manufacturers have a T configuration and others have a Y 


configuration. 
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Figure 5.120 This circuit breaker was moved from another site to hasten the 


rebuilding after an earthquake. 
5.12.1.3.1 Earthquake Performance of Puffer Circuit Breakers 


The introduction of these units into seismically active areas has been relatively recent so 
that their seismic exposure has been limited; however, the performance of some of these 
units in strong shaking has been good. There have been some failures. Note that in the 
units shown in Figure 5.123 the connection between the circuit breaker and current 
transformer failed because of inadequate slack, however, only the connection hardware 


failed rather than the circuit breaker or the current transformer. 
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Figure 5.122 A detail of a support structure that shows a slotted connection that 
was welded after the structure was assembled. 
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Figure 5.123 Pu 
5.12.1.3.2 Mitigation and Retrofit of Puffer Circuit Breakers 


The electrical connections to equipment should have adequate flexibility. While each 
interrupter-head column is structurally the same, minor differences in components or in 
assembly can cause slight differences in their natural frequency so that connections between 


interrupter heads should have adequate flexibility. 
5.12.1.4 Gas-Insulated Dead-Tank Circuit Breakers 


Most gas-insulated dead-tank circuit breakers take the form of a horizontal tank with a 
vertical or near vertical bushing at each end, Figure 5.24. The tank contains the 
interrupting mechanism, and typically a current transformer. The tank is at ground 
potential. These units typically have grouted bushings rather than the post-tensioned 
variety. The tank is supported on a steel support structure near the ground. Some units are 
configured with all three phases in a single enclosure, Figure 5.4. 


5.12.1.4.1 Earthquake Performance of Gas Insulated Dead-Tank Circuit Breakers 


These circuit breakers are very rugged and none have failed except for the one in Kobe 
noted earlier, Figure 5.4. Subsidence at that site and vertical drops to the bushings caused 
the bushings to fail. 
5.12.1.4.2 Mitigation and Retrofit of Gas Insulated Dead-Tank Circuit Breakers 

Single-phase units have each phase on its own support structure and may have 


independent foundation slabs. The units are connected by various control and gas lines. 
While no problem has been observed yet, some of these connections appear to be 
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vulnerable to relative movement between the phases. In some cases small diameter gas 
lines are routed between phases through trenches in the ground. Cover plates on trenches 
are often unanchored and in an earthquake the small diameter tubing could be damaged. 


5.12.2 Emergency Response Procedures for Circuit Breakers 


Emergency response procedures for circuit breakers include bypassing the circuit 
breaker and using the next circuit breaker in the circuit for protection. However, there have 
been cases were the nearest circuit breaker was two substations away. 


To replace damaged circuit breakers, units from other sites have been disassembled and 
reassembled at the damaged site. 


5.12.3 Recommended Installation Practices for Circuit Breakers 


Circuit breakers should be securely anchored. Adequate flexibility must be provided to 
all connections to circuit breakers. Connections between interrupter heads on live-tank and 
puffer circuit beakers should have adequate flexibility. Adequate flexibility should be 
provided between mechanical and tubing connections of the phases of a circuit breaker. 
The flexibility provided should account for support and equipment flexibility, and if phases 
are installed on separate foundation slabs, movement of the slabs. Small diameter control 
tubing should be protected against secondary damage. 


5.13 Disconnect Switches 


Disconnect switches are used to reconfigure a network. They are typically operated 
when a Circuit is not carrying current. In some disconnect switches nozzles direct 
compressed air at the break point to extinguish the arc or resistors are added so that the 
units can be opened even if the circuit is energized. Disconnect switches are typically 
found on each side of a circuit breaker so that the circuit breaker can be taken out of the 
circuit for maintenance. In some bus configurations there are also bypass switches around 
circuit breakers. Disconnect switches are also used to divide sectionalized busses. 
Switches can be manually or motor operated. Some switches are also configured so that 
they can ground the circuit on one side of the switch. 


Disconnect switches can take many different forms. The most common type found in 
California is the center-break type with vertical-break type also found. Others seldom seen 
in California include pantographic, "V", and double-break types. Some switches are 
supported on simple, unbraced columns so that they are relatively flexible. Others are on 
elevated structures so that they are more nearly aligned with connections with other 
equipment, or are located on top of bus support structures over circuit breakers. Structural 
amplification of the support structure may increase vibration levels and seismic exposure of 
the switches. A grounding type switch has an extra link that can ground one side of an 
Open switch. 


5.13.1 Earthquake Performance of Disconnect Switches 


Several problems have been observed with disconnect switches. The most common 
failures have been to post insulators. Because disconnect switches are typically located 
adjacent to circuit breakers, the poor seismic performance of live-tank circuit breakers has 
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often pulled down the adjacent disconnect switch. Frequently the flexibility of connections 
between the disconnect switch and adjacent equipment is inadequate and failures have been 
observed which are probably due to interaction loads, Figure 5.16. After the earthquake it 
is not always clear what caused the damage. If there are two failures, it is difficult to 
determine which was the primary damage. There have been switch failures where they 
were used to inter-connect sections of long busses. If the sections of the bus support 
structure are not structurally connected, the relative movement across the switch can cause 
its failure. 


It has been speculated that an open vertical-break switch may be more vulnerable 
because of the large moment exerted by the open blade of the switch. Since most switches 
are normally closed, there are no data to support this contention. Center-break switches are 
very vulnerable. 


In Section 5.11, Instrumentation Transformers, it was noted that disconnect switches 
were damaged due to the interaction with suspended current-voltage transformers. There 
have been similar problems with suspended wave traps. 


Several failures of disconnect switches not related to the fracture of porcelain have been 
observed. Many of the center-break type switches at a substation had the cast aluminum 
plates that support the post insulator deform so that when the switches were operated to the 
closed position the contact surfaces would remain open, Figure 5.124. This failure was 
due to the deformation of the cast aluminum plate that supported the post insulators, Figure 
5.125. Burning of the contacts on closed center-break disconnect switches has also been 
observed, probably due to the movement of the contacts during the earthquake. This of 
course would not occur if the switches were open. 


Disconnect switches are designed with a horizontal structural member that supports the 
post insulators. In one design, channels form this member. Deformation of the channels 
caused by inadequate stiffness or inadequate structural ties between the channels has caused 
the arms of the switch to become misaligned. There have also been cases where the shaft 
supporting post insulator columns deformed causing, the contacts to be misaligned. Both 
of these failures were in metal members rather than in the porcelain. 


On a vertical-break type switch, the center post rotates to raise the blade. The weld that 
connects the shaft to the base plate failed so that the shaft would turn without raising the 
blade, Figure 5.126. Some vertical-break disconnect switches are fitted with resistors to 
reduce arcing when they are opened. The cast aluminum hardware that supported these 
resistors failed at relatively low vibration levels. 


An unusual failure was associated with the low cycle fatigue failure of the support shaft 
of a center-break type switch. A weld holding a water shield created a stress concentration 
that caused the failure, Figure 5.127. Finally, there have been two types of failures 
associated with the operating linkage on several types of disconnect switches. In one a 
coupling mechanism became deformed and in the other split clamps on a circular shaft used 
to adjust the switch alignment slipped. These failures caused the switch to malfunction. 
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Figure 5.124 Center break disconnect switch contacts remained open when the 
switch was operated to the closed position due to the deformation of the plate 
supporting the post insulators. 


In Japan, low voltage pantographic switches failed. This was attributed to the fact that 
the two sides of the switch were supported on different structures and relative displacement 
between the structures damaged the switches. This would be a vulnerability of most 
pantographic disconnect switches. 


There have been several disconnect switch failures due to poor quality assurance. The 
most common has been the use of short bolts to assemble equipment so that only a few 
threads of the nut were engaged. 


Few if any V-type, pantographic, or double-break disconnect switches have had 
significant earthquake exposure, so their performance is not known. 
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Figure 5.125 The deformation of the cast aluminum base plate prevented the 
disconnect switches from closing properly. 


Figure 5.126 Failure of a weld, attributed to poor quality control during 
manufacture, prevented torque from being transferred from the control to the post 
insulator. This prevented the disconnect switch from operating. 
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Figure 5.127 A problem in manufacturing caused a low-cycle fatigue failure. 
5.13.2 Mitigation and Retrofit of Disconnect Switches 


Providing adequate flexibility to electrical connections of disconnect switches would 
improve their performance. 


In the Wave Trap Section below, mitigation methods to reduce damage from interaction 
with suspended wave traps will be discussed. 


Sectionalized bus support structures should have structural members connecting the 
sections so that disconnect switches are not subjected to interaction loads. 


5.13.3 Emergency Response Procedures For Disconnect Switches 


Damaged disconnect switches are frequently bypassed until spare parts are available or 
service conditions allow damaged units to be repaired or replaced. 


To restore service to lines that were disrupted due to the deformation of the switches 
shown in Figure 5.128, the switches were pulled into a closed position and cotton rope 
was used to keep the posts together and the switch closed. 


5.13.4 Recommended Installation Practices For Disconnect Switches 


The importance of adequate flexibility of disconnect switch connections cannot be over 
emphasized. Many of the failures can be attributed to deficient flexibility. 


There were many observed failures not associated with porcelain. The failure of metal 
parts, the bending of linkages, and the slipping of adjustments all suggest the importance of 
seismic qualification at levels of expected performance. The IEEE Standard 693 establishes 
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Figure 5.128 Cotton rope was used to keep deformed disconnect switches shown 
in Figure 5.124 closed so that service could be quickly restored. 


a performance level and then recommends that testing be done at half of this level. To 
assure good performance at the performance level, tests are to be conducted with 
measurements to assure that the factor of safety will give the desired performance level. 
This is an acceptable approach when the failure modes are understood and measurements 
can be made to evaluate stresses so that failures can be predicted and performance assured. 
In the case of disconnect switches, many of the failures have been unpredictable and are 
related to nonlinear phenomena so that appropriate measurement cannot be made. For these 
reasons, it is suggested that disconnect switches be tested at the desired performance level. 


5.14 Circuit Switchers 


Circuit switchers are used to reconfigure the system. They act like disconnect 
Switches, however, they are designed to operate when the circuit is energized and operating 
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under normal conditions. That is, they are not designed to act as circuit breakers when, for 
example, there is a short circuit. They are often used to connect capacitor banks to the grid. 


A circuit switcher looks similar to a vertical-break disconnect switch, but there is 
usually a horizontal porcelain member and four vertical members. Some units may have a 
grounding bar and this may require an additional porcelain column. 


5.14.1 Earthquake Performance Of Circuit Switchers 


The earthquake performance of circuit switchers has been mixed. At two substations, 
each with two groups of circuit switchers, one group was severely damaged, Figure 5.126, 
while the other group had little or no damage. The porcelain columns are the component 
that usually fail. The units pictured in Figure 5.129 were located about 180 m (600 feet) 
from the undamaged units. This demonstrates that there can be significant variations in 
ground motion within a site. There did not appear to be any unusual site conditions that 
would account for the large difference in motion. This variation in performance was not 
due to just one circuit switcher, where large variations in porcelain strength could account 
for the damage. Each location had five switchers, each with three separate phases. 
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Figure 5.129 These damaged circuit switchers were purchased and installed at the 
same time as another identical group located about 180 m (600 feet) away. One set 
had minor damage while the other circuit switchers were severely damaged. This 
suggests large variations in ground motions within a site. 


5.14.2 Mitigation and Retrofit of Circuit Switchers 


Providing flexible connections may improve the response of circuit switchers. 
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5.14.3 Emergency Response Procedure for Circuit Switchers 


Figure 5.130 shows temporary conductors used to bypass the circuit switcher. The 
conductor was supported on remnants of the original columns and on post insulators that 
replaced some damaged columns. 
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Figure 5.130 A damaged circuit switcher temporarily bypassed to restore service. 


5.14.4 Recommended Installation Practices for Circuit Switchers 
Provide adequate flexibility to electrical connections. 
5.15 Wave Traps 


A wave trap, or line trap, is an inductor. They are an important component of radio 
carrier-frequency base communication systems that utilize transmission lines as the medium 
to transmit information and control signals related to system protection and data related to 
equipment and system performance. In this system a high frequency carrier signal is 
injected into the power line. To prevent the carrier signal from entering the substation, the 
wave trap is inserted into the line where it enters the substation. A capacitor-voltage 
transformer is placed on the line side of the wave trap to provide a low impedance path for 
the carrier signal. The wave trap attenuates or blocks the high frequency signal but has 
little effect on the 60 Hz power. For lower voltages there may be a wave trap on only one 
of the phases. For higher voltages (345 kV and above) it is common to have a wave trap 
on more than one phase. This also is done on more important circuits for redundancy and 
to allow the use of more sophisticated protection methods. 


It has been standard practice to provide two routes for system protection 
communications; greatly increasing reliability. This has traditionally been achieved with a 
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line carrier system on transmission lines and on a microwave communication system. With 
the introduction of optical fiber systems for communications, the use of the carrier system 
is being eliminated. 


Wave traps are usually mounted in one of three ways: supported on a single post 
insulator with its axis vertical, supported by multiple post insulators ((one of which may be 
a coupling capacitor) with its axis vertical, supported by a post insulator at each end with its 
axis horizontal, or suspended from flexible conductor with its axis vertical. Suspended 
wave traps are restrained from below to limit lateral movement in wind and earthquakes. 
Several restraint methods are used. 


5.15.1 Earthquake Performance of Wave Traps 


Several failure modes of wave traps have been observed. The most common failure 
has been the failure of the post-insulators support, Figure 5.131. 


Figure 5.131 Post-insulator supporting the wave trap failed. 


Several failures have been associated with inadequate structural design or quality 
assurance, Figures 5.132, 5.133, and 5.134. It is common practice in many utilities to 
have major structures, such as bus support structures and control houses, designed by 
civil/structural engineers. However, many of the minor details, such as support hardware 
and equipment supports, come from electrical engineering groups. Unfortunately, this has 
often resulted in poor earthquake performance. 
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Figure 5.1 32 A weld of a light weight aluminum channel to a plate bolted to the cap 
of a post insulator failed. 
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Figure 5.133 A weldtoa plate bolted to the top of a post insulator failed 
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Figure 5.134 A weld on a support leg failed. 


Several methods are used to structurally support suspended wave traps. Some designs 
have structural members fabricated from fiberglass extend from the central core to support 
the coil that surrounds it. There have been failures of such structural systems within the 
wave trap, Figure 5.135. 


There have been several problems with suspended wave traps. Suspended wave traps 
with post insulators below the wave trap providing a stiff lateral restraint have often failed 
their lower support, Figures 5.136 and 5.137. These systems had short lengths of cable or 
chain between the bottom of the wave trap and the top of the lower support. The back and 
forth motions of an earthquake tended to generate impact loads. In these instances, the 
restraint failed and the wave trap itself was undamaged. Frequently the motion of the wave 
trap would damage equipment adjacent to it, even though the wave trap would be 
undamaged, Figure 5.138. 


Installation practices can differ in various parts of the county. Figure 5.139 shows a 
wave trap in which one support leg is provided by a capacitive-voltage transformer. This 
configuration has not been observed in California, so its earthquake performance is not 
known, but based on the performance of capacitive-voltage transformers, this would 
appear to be seismically very vulnerable. 


5.15.2 Mitigation And Retrofit of Wave Traps 


Adequate flexibility of conductor connections should be provided.’ For critical circuits, 
modifying suspended wave traps as suggested should be considered. 
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Figure 5.135 The fiber glass structural system connecting the central core and the 
coil failed. 


5.15.3 Emergency Response Procedures for Wave Traps 
Damaged wave traps are typically bypassed. 
5.15.4 Recommended Installation Practices for Wave Traps 


Providing adequate flexibility to connections should improve their response. The 


failures of wave trap internal support structures and also the external support structures will 
be addressed by the adoption of IEEE Standard 693. 


All equipment supports should be designed by a engineers with seismic design 
experience (See Sections 4.5.5). 


The problem with the large number of failures associated with suspended systems 
remains. If suspended wave traps are installed at the same level as the equipment to which 
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Figure 5.136 The post insulators forming the lower restraint of a su 
trap failed. Impact loading probably contributed to the failure. 
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they are connected, it will be very difficult to provide adequate restraint to prevent 
interaction damage. Three approaches are illustrated in Figure 5.140. In Case A, the stiff 
short lower restraint tends to restrict movement of the wave trap, but lateral motion would 
generate impact loads that frequently fail the lower post insulator. In Case B, any 
relaxation of the tension, such as stretching of the support conductors or deflection of the 
upper support will allow relatively large lateral movement of the wave trap. These 
approaches are not recommended. Case C illustrates the recommended approach. The 
wave trap is suspended just below its support structure. It will tend to swing about its 
upper support but impacts are not be imparted to the upper support. The interconnections 
to adjacent disconnect switches have little mass so that interaction loads will be small. As a 
result of the geometry, the movement of the interconnection point due to the swinging of 
the wave trap will be small. 
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Figure 5.137 The aluminum hardware connecting the lower restraint to the post 
insulators failed. 


5.16 Current Limiting Reactors, Filters, Shunt Reactors, Voltage Support and Power 
Factor Correction Devices and Their Earthquake Performance 


Air core inductors, synchronous condensers, auto-transformers, capacitor banks, and 
static var compensation are used to support voltage or adjust power factor. 


Air core reactors used for these applications tend to be larger than wave traps and are 
often used in conjunction with other special facilities. They are used on long lines to 
counteract capacitance effects of the lines, are used to limit power surges at capacitor 
banks, and are employed in filters at DC converter stations. They are typically mounted 
with the coil axis in a vertical orientation. The are typically mounted with the coil axis in a 
vertical orientation. The coil is typically supported by insulators. Some units are mounted 
on insulators at ground level on a concrete slab surrounded by a fence to protect personnel, 
while others are supported on columns, as in Figure 5.141. The service loads on these 
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Figure 5.138 The lateral motion of the wave trap dama 


ged adjacent equipment 
through interaction loads. 


devices can be very large. The seismic performance of air core reactors has been good, 
probably the result of their large service loads plus good seismic design. 


Voltage support and power factor correction devices fall into four categories: 
synchronous condensers, auto-transformers, capacitor banks, and static var compensation 
facilities. This equipment is used to stabilize system voltages due to sudden changes in 


loads or to correct the power factor. At DC converter stations capacitors are an integral part 
of filters: dry type air core reactors being the other main element. 


Synchronous condensers are similar to large motors and are becoming relatively rare. 


A synchronous condenser's bearings have been damaged and the pressurized nitrogen 
system used with these systems has developed leaks in earthquakes, Figure 5.142. 
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Figure 5.139 Wave trap partially supported by a current-voltage transformer. 


Autotransformers are a special type of transformer and the discussion on transformers 
applies to them. They are usually smaller than large power transformers and have small 


radiators. They differ from regular transformers in that the input and output bushings are 
the same size. 


Capacitor banks usually take one of three forms. The first consists of aluminum racks 
ranging in height from about 1 m to 4 m (4 feet to 12 feet) and supported on post 
insulators. Two types of rack failures have been seen with these racks. First, the welds on 
some racks were inadequate and the structural frames failed, Figure 5.143. In other racks 
of similar design, the post insulators supporting the rack failed, Figure 5.144. 


The second type of capacitor bank, often found in conjunction with 500 kV systems, 
are massive structures. Some of these structures have special energy dissipating devices to 
improve their earthquake performance, Figure 5.145. These structures have had limited 
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seismic exposure. To date none of these structures has collapsed, but the anchorage of 
components supported on the structures has failed and electrical connections between the 
racks and adjacent devices have been damaged due to inadequate flexibility. 
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Figure 5.140 Methods of installing suspended wave traps. 


A third type of capacitor bank is used with DC converter stations and takes two forms: 
suspended and frame structures. Suspended systems provide base isolation to the 
capacitors, Figure 5.146. They are restrained at the bottom to limit displacements from 
wind and earthquake induced motion. One of these units experienced very high ground 
motions in the Northridge earthquake. While the capacitors were generally undamaged, the 
base restraints failed, Figure 5.147. This did not affect the capacitor's operation. 


Another style of capacitor bank consists of a frame structure made of post insulators, 
Figures 5.148. Several post insulators in this structure failed, but the structure did not 
collapse, Figure 5.149. One would anticipate that as some insulators failed, additional load 
would be imposed on the remaining insulators. This would lead to progressive collapse, 
which did not occur. The failed units may have failed at very low loads, due to the large 
variation in strength of porcelain. An alternative failure mechanism may be related to the 
fact that the length of post insulators can vary in length by about 1 percent. In an 
indeterminate structure, the short post insulators could have been subjected to large tensile 
stresses during assembly. The size of post insulators should be carefully matched or shims 
used to equalize their length. 


A static var compensation facility can be a large facility rather than an item of 
equipment. The components within these facilities are similar to other items found in 
substations and will not be discussed further. None of these facilities are known to have 
experienced a significant earthquake. 
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Figure 5.141 Large dry type air core shunt reactor supported on tall concrete 
columns. 


5.16.1 Mitigation And Retrofit of Voltage Support Devices 


As with other substation equipment, it is important to provide flexible connections that 
can accommodate relative motions between adjacent equipment. 


5.16.2 Emergency Response Procedure for Voltage Support Devices 


Some of these devices can be bypassed. Some of the capacitor banks used for 500 kV 
lines and for DC converter stations are needed for these facilities to continue to operate. 
Because of their importance for these high energy capacity facilities, special attention has 
been given to their seismic design. 
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Figure 5.142 A synchronous condenser developed a small leak in its pressurized 
nitrogen system. 


Figure 5.143 Capacitor rack welds failed causing the racks to collapse. 
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" Figure 5.144 


Post insulators supportin g the racks failed. 
DLO Recommended Installation Practices for Voltage Support Devices 


The seismic performance of capacitor racks has been mixed. The need to provide 
adequate conductor flexibility has been noted. The limited seismic exposure of the large 
earthquake-engineered capacitor banks leaves their relative performance largely untested. 
The suspended capacitor units experienced very high seismic inputs and suffered only 
minor damage to restraints. The cost of this approach compared to that shown in 
Figure 5.148 is not known. It is important to avoid tensile stresses associated with the 
assembly of post insulators due to variation in their length. Indeterminate structures 
fabricated from post insulators, such as large capacitor racks, should use post insulators of 
the same length or shims to equalize their length. 


5.17 Station Power 


Station power is the AC power used by the control house and its equipment and 
indirectly by equipment in the switchyard for the monitoring, control, communications, and 
operation of the substation. Within the switchyard there are typically two sources of station 
power and some substations may have a feed from another substation. 


Local station power is usually obtained from tertiary windings on a power transformer, 
Figure 5.150. The output typically ranges from 2 kV to 16 kV. The output may go to a 
bus supported on a structure and eventually to a station transformer. Although small three- 
phase transformers may be used, it is more common to have three pole- or platform-type 
transformers supported on the bus-support structure, Figure 5.151, on their own support 
structure, or on a concrete slab surrounded by a fence, Figure 5.152. These transformers 
are typically poorly anchored. 
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Figure 5.145 Large capacitor racks often found in conjunction with 500 kV 
transmission lines. In the lower left corner a damping device supported on a 
concrete block can be seen behind the fence. 


5.17.1 Earthquake Performance of Station Power 


Station service has been disrupted by damage to the station power system. Clearly if a 
station loses off-site power, station power will also be lost unless station batteries or 
standby generators are available and undamaged. Disruption has been caused by damage to 
tertiary bushings by interaction loads between the transformer and the bus support 
structure, Figure 5.150. While some unanchored slab-supported station transformers have 
moved, surprisingly, there is no record of this causing disruption. 


5.17.2 Mitigation and Retrofit of Station Power 


Although poor anchorage of the small transformers that are used to provide station 
service has not yet caused problems, these transformers should be anchored. The lack of 
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flexibility of connection to tertiary busses has caused bushing failures. These connections 
should be provided with adequate flexibility. Damage to the tertiary bushings can cause the 
entire transformer to be taken out of service. 
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Figure 5.146 Overview of suspended capacitor bank. un 


5.17.3 Emergency Response Procedure for Station Power 


Portable emergency generators have been brought to sites to provide temporary station 
service until normal station service could be restored. 


5.17.4 Recommended Installation Practices for Station Power 


Provide adequate flexibility to all station power connections. Anchor station 
transformers. 
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Figure 5 147 Failed restraints of suspende capa 
5.18 Substation Control Structures and Their Contents 


Substation control houses contain protective and auxiliary relays, communications 
equipment, control panels, station batteries, status indicator boards, and operator stations 
for personnel. The elements of a typical control house are identified in Figure 5.153. Not 
all control houses contain all of the components and systems shown. 


5.18.1 Control House Structures 


Most substations have a simple, one story control house. In general, control house 
structures have performed well because of the small size and simplicity of their structural 
systems. In California they are often built using seismic provisions of building codes. 
Small reinforced masonry or pre-fabricated metal control house buildings have performed 
well, provided that the lateral-force resisting elements are adequately tied together. 
However, many are old and predate current building codes or are in regions that had no 
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seismic requirements when they were built. Older control houses constructed with 

unreinforced or poorly-reinforced masonry have suffered spectacular damage, Figure 
5.154. Surprisingly, the substation and the equipment in this damaged control house 
continued to operate. Some control houses have adequate structural frames, but have 


unreinforced masonry infill walls. 
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Figure 5.148 Overview of stiff capacitor rack frame. 


While substation equipment is expected to age and will eventually require replacement, 
the control house can serve its purpose without modification. Because newer control 
equipment tends to be smaller than the equipment it replaces and many substations are 
becoming unstaffed, there is often no need to expand the control house even though the 
substation is expanding. Control houses should be seismically evaluated and an 
appropriate upgrading schedule established. Because substations and their control houses 
are Continuously in service, the use of shotcrete with reinforcing applied to the outside of 
the building is an option. The procedures for evaluating and seismically upgrading 
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structures is beyond the scope of this document. However, there are several references 
issued by the Federal Emergency Management Agency (FEMA) dealing with the evaluation 
of existing buildings and seismic rehabilitation of buildings (See Section 8.1.1). 
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Figure 5. Damaged post insu 


lator in frame-type capacitor rack. 


5.18.2 Equipment 


A typical control house contains a broad range of equipment for monitoring and 
control, and several types of protective relays. These relays monitor conditions on 
transmission lines and in transformers. Many variables are monitored, including over and 
under voltage, voltage differential across transformers, the flow of current in circuits, 
direction of power flow, phase comparison, system frequency, and others. As substations 
are converted from staffed to unstaffed, various monitoring and communication devices are 
added so that the status of critical variables at unstaffed substations can be monitored and 
controlled with supervisory control from the staffed substations. These functions are 
typically performed by remote terminal units (RTUs). 
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Figure 5.150 Tertiary bushings on this transformer were damaged d 
interaction load from the bus. The bus provides power to station services. 
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Some protective and auxiliary relays are vulnerable to chatter or changing of state in an 
earthquake. In general, although these actions may cause undesired actions and 
disruptions, they do not cause damage. Through action reports in nuclear power 
generating plants, several specific relays have been identified as particularly vulnerable. 
For new construction it may be useful to avoid these specific relays, especially since better 
performing alternatives are available at equivalent cost. 


Substation instrumentation racks made in the United States that have been well 
anchored have performed well. Italian equipment observed in Chile had open backs and 
deformed in the earthquake. 


5.18.3 Other Substation Equipment 


Substations contain many other types of equipment, such as communications 
equipment, control panels, station batteries, status indicator boards, air conditioning, light 
fixtures, and computers. This equipment is also found in the energy control center and is 
discussed in Chapters 8, System Control, and 9, Communications System. 


5.18.4 Recommended Practices for Substation Control Structures and Their Contents 


Substation control houses should conform to seismic provisions in one of the major 
model building codes or to the local code if it is more stringent. Some local jurisdictions 
may have reduced the requirement contained in the model codes, but this is not 
recommended for power facilities. Because control houses are small, simple structures, 
model code provisions should give good performance. Building codes are designed to 
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prevent structural collapse; however, because substations must continue to operate after the 
earthquake, more stringent requirements may be appropriate. 


Figure 5.151 This station transformer is supported on a shelf that is part of the bus 
support structure. The L shaped sheet metal clip under the small radiator restrains 
the transformer, but does not anchor it. 


3519 Miscellaneous Facilities — Oil Storage Tanks 


Transformers and bulk oil circuit breakers contain large volumes of oil. Many 
substations use oil tanks to store oil while the units are being serviced. These tanks may be 
unanchored or poorly anchored, Figure 5.155. Flat bottom tanks are found at some 
substations. The flat bottom tanks of the size typically found at substations have not 
exhibited seismic vulnerability observed in larger tanks. 
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Figure 5.152 One of the most common methods of Supporting the station 
transformers is by placing them on a concrete slab at grade without anchorage. 
5.19.1 Earthquake Performance of Liquid Storage Tanks 


Some substation tanks have moved in earthquakes, but no tank failures have been 
known to occur. Tanks similar to those found at substations have moved and fractured 
pipe connections. A more complete description of the earthquake performance of liquid 
storage tanks is given in Section 7.2.4.1 


5.19.2 Recommended Practices for Liquid Storage Tanks 


It is recommended that flat bottom tanks with a height to diameter ratio greater than 0.5 
be anchored and that horizontal tanks be secured to their support cradles. Piping 
connections to tanks should be flexible to accommodate tank movement. 
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Figure 5.153 Diagram showing systems contained in a substation control house. 


Figure 5.154 This unreinforced masonry control house failed spectacularly. 
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CHAPTER 6 


TRANSMISSION AND DISTRIBUTION LINES AND 
SUPPORT STRUCTURES 


RECOMMENDATIONS - RETROFITTING AND NEW CONSTRUCTION 


The recommended practices for distribution transformers are contained in 
Section 5.8. 


RECOMMENDATIONS - RETROFITTING 


Materials for a transmission tower should be kept in stock so that a damaged tower 
can be replaced without having to wait for a unit to be manufactured by a steel 
fabricator. (6.1.3) 


RECOMMENDATIONS - NEW CONSTRUCTION 


When possible, transmission-line towers should be positioned back from steep 
slopes. (6.1.4) 


The design of transmission-tower foundations located on ridges should take ridge 
shattering into consideration. (6.1.4) 


The design of transmission-tower foundations near water, such as at river 
crossings, should consider liquefaction and lateral spreading. (6.1.4) 


6.1 Transmission Systems and their Support Structures 


Transmission lines connect substations and generating stations in the power network 
and carry power at transmission voltages. Some utilities also have lines which are referred 
to as subtransmission lines. Often these lines served as the transmission system before a 
new network operating at a higher voltage was superimposed on the old system. Some 
utilities have adopted different design and construction practices for their transmission and 
subtransmission systems. In this document no distinction will be made between 
transmission and subtransmission. The transmission voltages vary between utilities. 
Utilities that serve less populated areas may have transmission voltages that can be found in 
the distribution system of larger utilities. Transmission lines are typically supported by 
steel structures, although wood poles or structures are also used. On rare instances, 
transmission lines are buried. 


6.1.1 Earthquake Performance of Transmission Systems and Support Structures 


The performance of transmission lines and their towers has generally been good. In the 
1992 Landers, California, earthquake a fault passed under a tower with two legs on each 
side of the fault. The horizontal fault offset at that location was 3 m (9-1/2 feet), 

Figure 6.1. Although the tower was deformed, it continued to support the lines. 
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In the 1995 Kobe, Japan, earthquake there was damage to post insulators on dead-end 
structures. The post insulators were used to restrain the transmission line as it looped 
under the cross arm supporting the in-line insulator strings. The insulators broke at the 
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Figure 6.1 A fault with over a 3 m (9-1/2 foot) offset passed between the legs of a 
transmission tower but the tower did not collapse. 


base of the insulator connected to the tower, and ended up being supported by the line. 
This did not disrupt service, although the insulators had to be replaced. 


In the Northridge earthquake several towers were damaged. Damage was primarily 
attributed to foundation failures. Towers on ridges and crests of hills had foundations fail 
due to ridge shattering, Figure 6.2. In one case, when a tower failed, the two towers on 
each side were also pulled down by the lines. The dead-end structure discussed in Chapter 
5, Substation, was similar to a transmission tower and its failure was attributed to soil 
liquefaction. ) 
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While soil liquefaction may pose a significant risk to transmission towers in some parts 
of the country, no failures in the United States or in foreign earthquakes have been 
observed, except as noted above. 
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Figure 6.2 Collapsed transmission tower caused by ridge shattering and foundation 


failure. 


There have been cases where landslides and avalanches have damaged transmission 
towers. These events were not triggered by earthquakes, but clearly, earthquakes could 
trigger such events. 


The liquefaction and lateral spreading adjacent to rivers and other bodies of water 
suggests that towers in these locations, such as at a river crossing may have higher 
vulnerability. 


6.1.2 Mitigation and Retrofit of Transmission Systems and Support Structures 


The earthquake performance of transmission towers has been so good that no 
recommendations for mitigation or retrofitting are made, however, some utilities keep spare 
towers or emergency towers in storage so that should a tower fail, a replacement can be 
installed without waiting for suppliers to fabricate a new tower. 


6.1.3 Emergency Response Procedure For Transmission Systems And Support 
Structures 


There have been cases where it was desired to quickly put a transmission line in service 
without waiting to construct a new tower. In one case a large crane was used as a 
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temporary transmission tower, Figure 6.3. To the right of the crane in this figure is a 
prefabricated emergency transmission tower. This unit is commercially available and could 
be held in reserve so that it could quickly replace a tower that is damaged. 


Figure 6.3 A construction crane was used to temporarily support a transmission 
line to get it back in service. 


6.1.4 Recommended Installation Practices for Transmission Systems and Support 
Structures 


It is advisable to carefully evaluate the foundations on transmission-line towers to be 
placed on steep ridges to account for ridge shattering. When possible, transmission-line 
towers should be set back from the edge of steep slopes. Because of the lack of 
performance data on transmission towers in liquefiable soils, no recommendations are 
given. However, foundation designs for towers near water, such as at river crossings, 
should consider liquefaction and lateral spreading. 
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6.2 Distribution Systems and Support Structures 


The distribution system which typically operates between 4 kV and 34 kV 
encompasses the lines and equipment beyond the distribution substation that carry power to 
customers. The distribution system typically consists of radial feeder lines, poles, 
reclosers, manually operated switches, remotely operated switches, fuses, capacitors, and 
transformers that are pole-, elevated platform-, pad- or vault-mounted. In the U.S., aerial 
distribution lines are primarily supported on wooden poles. Installations in newer 
residential areas now typically use buried lines and pad- or vault-mounted distribution 
transformers. Outside of North America concrete poles are usually used to support 
distribution lines. Reclosers are small circuit breakers that open when a line is overloaded, 
but will automatically try to reclose several times before locking open. While the 
distribution system is radial in character, there may be some ties or switchable links 
between systems from different substations. There are some urban areas that are 
configured as a grid to improve system reliability. The transformers that provide power to 
the customers were discussed in the Section 5.7, Power Transformers. 


6.2.1 Earthquake Performance of Distribution Systems, Power and Support Structures 


Two types of failures to the distribution system, excluding distribution transformers, 
have been common: burndown of feeder and service lines, and failure of concrete 
distribution poles. While less common, soil liquefaction can cause unanticipated failures. 


Feeder lines can be set in motion by the earthquake and the vibration of poles can cause 
changes in tension in the lines so that lines can come in contact. When energized lines 
come in contact, reclosers may operate, fuses may blow, or lines may burn through or 
wrap around each other. The burnt through lines can fall to the ground. Downed lines can 
remain energized so they pose a serious safety hazard. They have started fires, disrupted 
traffic when they fall across roadways, and have created a large load on the emergency 
response community. In recent California earthquakes, a large percentage of emergency 
response calls were associated with downed power lines and a large percentage of the 
earthquake related fires were caused by downed lines. In some areas lines of different 
voltage will be carried on the same pole. There have been problems of an upper line falling 
on a lower voltage line. There have been many reports of pole mounted transformers 
blowing up or catching on fire as a result of the earthquake and the vibratory response of 
the lines. It appears that if the flow of power is disrupted in the area before local shaking 
builds up, there will be much less disruption to the distribution system, as lines will not 
burn down, fuses will not be blown and transformers will not be damaged. 


In the U.S. wood distribution poles are typically used and their performance has been 
very good, although there have been some failures due to soil failure or dry rot in the poles. 
A utility was about to replace 600 dry-rot damaged poles. In some poles only the outer 
inch had not deteriorated. An earthquake occurred before the replacement project started. 
Surprisingly, there were no pole failures in the service area. In some countries it is 
common to support distribution lines from existing buildings, often in old communities 
where there is no room in the narrow streets to install poles. Lines are often lost when the 
structure fails. In Japan hollow concrete poles are used extensively. In the Kobe 
earthquake many poles appeared to fail as a result of vibration, Figure 6.4. In areas of 


217 


liquefaction, poles sank into the ground; in one case the pole settled more than five feet, 
Figure 6.5. 


Figure 6.4 Concrete poles in Kobe, Japan, earthquake were severely damaged. 


The overall impact of earthquake damage to the distribution system in California has 
been characterized as being equivalent to that caused by a severe winter storm. 


6.2.2 Mitigation and Retrofit of Distribution Systems and Support Structures 


While there has been significant damage to distribution systems, mitigation and 
retrofitting does not appear justified, with the possible exception of anchoring or restraining 
distribution transformers. 


6.2.3 Emergency Response Procedure for Distribution Systems and Support Structures 


Two potential problems related to emergency operations have been observed in past 
disasters. First, if there are lengthy power disruptions, home owners have sometimes 
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hooked up small emergency generators to provide basic power needs. There have been 
cases where the home owners have hooked their generators to the house wiring system 
without opening the main power disconnect. As a result, the distribution system was 
energized by the homeowner and utility personnel have been electrocuted. Grounding lines 
that are not to be worked on hot is a good precaution. 


On ee 


Figure 6.5 This pole sank over 5 feet when the soil liquefied. 


When the power system is reenergized prematurely, there is the potential that downed 
lines will become a source for fire ignition. After a damaging earthquake, it is important 
that reenergizing the distribution system be done in coordination with the local gas 
companies and fire services. 
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6.2.4 Recommended Installation Practices for Distribution Systems and Support 
Structures 
The only observation from past earthquakes to improve the performance of the 


distribution system is to anchor distribution transformers as they are installed. The 
recommended practices for distribution transformers are contained in Chapter 5, 


Section 5.8. 
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CHAPTER 7 
POWER GENERATING FACILITIES 
RECOMMENDATIONS 


Combustion-turbine units used for black-start at steam-generating stations should 
have all support systems supplied with emergency backup power and their control 
systems should be able to operate without a frequency synchronizing signal from 
the power gnid. (7.1) 


Steam-generating station sites located adjacent to bodies of water may be vulnerable 
to soil liquefaction. Designs should take into account the potential for differential 
settlement and lateral spreading that can affect turbines, liquid storage tanks, and 
stackss (70210 9 fe2-41 ands Jd. 2) 


The gap between the turbine pedestal and the turbine building operating floor 
should be large enough to accommodate relative motion between the structures and 
avoid impacts. (7.2.1.2) 


Reliable emergency backup power should be provided to operate turbine main 
bearing lubricating oil pumps and turning gear. (7.2.1.3) 


The use of high-pass filters should be considered on vibration sensors used to 
monitor turbine unbalance. (7.2.1.4) 


Piping and other interfaces with the steam generator must be able to accommodate 
earthquake induced movements between the steam generator and its support 
SHuChuTeaia2. 2,2) 


Piping that spans between different structures must be designed to accommodate 
earthquake-induced relative motions. (7.2.2.3) 


Small pipes, such as measuring taps, that are connected to larger pipes must be 
provided with adequate flexibility to accommodate the earthquake-induced 
movement of the large pipe. (7.2.2.3) 


Cabinets, such as motor control centers, relay racks, control consoles, and 
switchgear must be adequately anchored. (7.2.4) 


See Sections 8.1.2 and 8.2 for seismic issues related to the control room. 


Coal silos and conveyors systems should be designed for seismic loads. (7.2) 


Liquid storage tanks should be designed for seismic loads. Preventive maintenance 
should address corrosion of the weld between the side wall and base of the tank. 
The use of J -type anchor bolts to anchor the tank is not recommended. (7.2.4.1) 


Piping connections to tanks should be flexible so rocking of the tank does not cause 
pipe failures. (7.2.4.1) 


Horizontal tanks should be secured to their cradles and lateral restraint should be 
provided to tanks with expansion roller or slide plate supports. (7.2.4.1) 
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RECOMMENDATIONS 


Circulating water system pipes that transport water between plant heat exchangers 
and cooling towers, rivers or reservoirs should be designed to accommodate 
movements associated with lateral spreading. (7.2.4.3) 


Preventive maintenance is needed on forced draft cooling towers so that they retain 
their structural integrity. (7.2.4.4) 


For at least one elevator that services the steam generator building, earthquake 
provisions of the current elevator code should be reviewed to determine if cost 
effective retrofits can be made to improve its earthquake performance. 


In this chapter, the earthquake performance of power generating stations will be 
reviewed and, because of their generally good performance, recommendations will be made 
only for the specific areas that have performed poorly in the past. The standard practices 
that have performed well will not be discussed. 


Power generating stations usually have step-up transformers and high voltage 
switchyards at the terminus of the transmission line that connects the generating unit to the 
power grid. The design and installation of these components are the same as used in 
substations and reference should be made to Chapter 5. 


Power generating facilities of two types are considered here: combustion turbine and 
steam turbine generating units. Hydropower and diesel power are not explicitly discussed, 
but much of the equipment associated with these generating facilities is discussed in the 
document. Solar generating facilities are not discussed because of their limited use. This 
discussion excludes nuclear generating plants as they are under federal regulation and are 
designed to much more stringent criteria. The material on switchyards in Chapter 5, 
Substations, would be applicable to switchyards at nuclear generating facilities 


fe)! Combustion-Turbine Generating Units 


Combustion-turbine generating units fueled by gas or oil, are typically used for peaking 
power, but may also be used for base load. They are sometimes located at steam-turbine 
generating stations. Peaking units typically have capacities of 25 MW to 50 MW (1 MW 
= 1 megawatt). Small units are often trailer-mounted on jacks. In recent years, there has 
been an increased use of large combustion turbines in combined-cycle generating stations. 


Combustion-turbine generators are inherently rugged and no seismic damage has been 
reported, although their seismic exposure has been limited. Damage to ancillary systems 
and equipment such as fuel tanks and control panels could cause lengthy disruptions. 
When units are located at a steam-generating station, one combustion turbine may be 
designed to provide black-start power in the event of a total loss of power at the station. 
There have been several earthquakes where the combustion turbines failed to perform their 
black-start function. Failures appeared to be related to minor problems not directly related 
to earthquake damage. In one case a critical component was powered by station power, 
which in a blackout would not operate. In other cases the control system was dependent on 
an AC signal for synchronizing the unit to the power-grid frequency. Without this signal, 
which was absent in a blackout condition, the unit would not start. 
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7.2 | Steam-Turbine Generating Units 


A description of the operation and components of fossil-fueled steam generating 
stations will not be attempted here. However, their earthquake response has been good to 
date. Observed damage and suspected damage has not been related to the system operation 
or configuration, except as noted below. Large coal-fueled plants have not been subjected 
to damaging earthquakes and even combustion gas- and oil-fueled units have seen only 
limited exposure. Most of the latter plants have been relatively small, generating less than 
40 MW. 


Although all types of fossil-fueled steam-generating units have similar systems for each 
function, from a seismic point of view fossil-fueled steam-generating units can be divided 
into two categories: oil- and gas- fueled units and coal-fueled units. Because of the 
combustion process, a coal-fueled steam-generator is physically larger than an equivalent 
capacity gas- or oil-fueled steam generator. Also, coal-fueled units have massive coal 
storage silos high in the boiler structure which may increase their seismic vulnerability. 
They also have extensive coal handling equipment which is often designed without 
consideration of seismic loads. 


Steam-turbine generation stations have a control room from which the operation of the 
station is monitored and controlled. Seismic issues relevant to the station control room are 
discussed in the section on the energy control center in Chapter 8. 


Damage to steam-turbine generating units can be grouped into five categories of 
equipment or facilities: turbines, steam generators, commercially produced equipment, 
engineered equipment, and structures. 


7.2.1 . Turbines 


Earthquakes have caused several different types of damage and caused systems to go 
off-line. 


7.2.1.1 Damaged Thrust Bearings 


Earthquake motions along the axis of the turbine can load and exceed the capacity of the 
thrust bearings, resulting in their being wiped. That is, there is metal to metal contact that 
damages the bearing surface. This will require early maintenance, but the turbine can 
usually continue to operate for some time. If the axial motion of the rotor relative to the 
housing is large, the moving blades will come in contact with the fixed blades and cause 
major damage that will result in very long repair times. This is apparently an unavoidable 
design feature of the turbine. A small steam turbine was damaged in this way in the 1972 
Managua, Nicaragua earthquake, Figure 7.1. In the United States, the wiping of thrust 
bearings was reported in an earthquake with a Richter Magnitude of only 4.2. 


7.2.1.2 Turbine Pedestal-Operating Floor of Turbine Building Impact 


The turbine is typically supported on a massive, stiff turbine pedestal which has its own 
foundation. At the turbine floor level in the turbine building, which is generally about two 
floors (9 to 12m) above its foundation, an isolation gap usually separates the operating 
floor of the turbine building from the turbine pedestal to keep the turbine-generator 
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vibrations from being transmitted to the surrounding building. If the gap is not large 
enough, there can be hammering between the pedestal and the operating floor when the 
structures are out of phase during earthquake motion. While local spalling at contact points 
has been observed, the more significant damage from impacting can be to the thrust 
bearings of the turbine. Also, if there is sufficient longitudinal motion of the rotor, fixed 
and moving blades can come in contact, causing major damage to the turbine. 


Figure 7.1 A small steam turbine was severely damage when axial loads caused the 
moving and fixed blades to interact. 


7.2.1.3 Loss of Emergency Power 


Turbine bearings have also been damaged due to the loss of off-site power, typically 
from damage to the switchyard, and the simultaneous failure of station power (batteries 
and/or emergency generator). If damage to the switchyard prevents power from the turbine 
from being exported, the generator will trip off-line and the turbine will coast to a stop. 
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Without station power, lubricating oil pumps do not operate at low turbine speed and the 
bearings can be damaged. Also, without station power, the turning gear does not operate 
and the hot turbine-rotor shaft can sag and take a permanent set as the turbine cools. 


There has been one case where all power in the generating station was lost. Station 
control, lights, communication equipment, base station radio for the station, and elevators 
were all dead. The only means of communication was hand-held radios and the only 
sources of light were battery operated flashlights. Station power to the plant was normally 
provided either by transformers in the switchyard or by a small house turbine. At the time 
of the earthquake, the house turbine was down for maintenance and the transformers were 
off-line due to damage in the switchyard. Power to drive the lubricating pumps was lost 
and the main bearings of the turbine generator had to be replaced. After the earthquake, the 
utility installed an emergency engine-generator at the plant. 


7.2.1.4 Triggered Vibration Sensors 


Large turbines typically have several vibration-monitoring sensors to indicate if the 
turbine rotor is out of balance or to shut the system down if unbalance exceeds a specified 
level. In Japan there have been several instances where vibration sensors mounted on the 
turbine's external housing have tripped the turbine off-line. When a unit goes off-line, it 
frequently takes from several hours to a full day to get it back on-line. To eliminate 
unnecessary tripping of the turbine, some Japanese utilities have placed a high pass filter in 
the vibration transducer signal path before the signal goes to the level monitor. The sensor 
is intended to detect turbine unbalance, which is at a frequency much higher than 
earthquake vibrations. The filter eliminates the low frequency earthquake signal and retains 
the unbalance signal. 


7.2.1.5 Differential Settlement of Steam-Turbines and Their Piping 


Power plants located adjacent to rivers or bodies of water may be vulnerable to soil 
liquefaction, although this type of damage has not yet been observed in the United States 
Small differential settlements of the turbine could cause severe problems. In the 1995 
Kobe, Japan, earthquake a generating plant did experience differential settlement and the 
plant was out of service for months. 


7.2.2 Steam Generators and Support Systems 
7.2.2.1 Steam Generator Internal Damage 


In the 1978 Sendai, Japan, earthquake an internal bracket in the steam generator (boiler) 
of a large oil-fueled generating unit failed. It then served as a battering ram to damage the 
pipes that it was meant to restrain. This type of damage was indicated by excessive steam 
in the stack output. Internal water leaks could also be observed by a drop in water pressure 
or the excessive use of makeup water. Although repairs were simple, it took almost a week 
for the boiler to cool down so that personnel could access the damaged area. Minor boiler 
damage in a steam generator also occurred in the Loma Prieta earthquake. 
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7.2.2.2 Steam Generator Support Structure-Steam Generator Interaction 


Most large plants have steam generators suspended from the top of the steam generator- 
support structure. This design accommodates large vertical deflections associated with 
thermal expansion as the steam generator heats up and cools down. The steam generator- 
support structure (i.e., the building) can be closed (have exterior walls) or open. On open 
structures, the steam generator requires restraints between the steam generator and the 
support structure to limit wind-induced motion. However, seismic restraints are needed for 
both open and closed structures. The restraint systems vary, depending on the design of 
the steam generator manufacturer. The steam generator is surrounded by trusses or girders 
at various levels that serve to resist internal pressures within the steam generator. These 
trusses or girders, often referred to as buckstays, also serve as a means for providing 
lateral restraint to the steam generator. Bumpers or hydraulic ties between the buckstays 
and the steam generator support structure provide the seismic restraint. 


The ties that restrain a steam generator for wind loads are often inadequate for seismic 
loads and may fail in an earthquake. Restraints are often referred to as seismic stops, or 
bumpers, and may be sacrificial. That is, they may sustain severe damage but still perform 
their functions, Figure 7.2. They are easily repaired and they serve to protect the steam 
generator from sustaining severe damage. 
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Figure 7.2 Seismic stops are provided to limit lateral movement of the suspended 
steam generator. These stops may be damaged, but still perform their function. 


The various piping connections and other interfaces between the steam generator and its 
support structure are designed to accommodate the thermal growth movement. However, 
they may not be able to accommodate the lateral movement associated with earthquakes. 
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Examples include highly restrained piping (long runs of pipe will be flexible enough to 
accommodate relative motions) and duct work. Issues related to piping are discussed 
below. There has been damage to ductwork between the main steam generator air supply 
fan and the steam generator due to movement of the steam generator. 


7.2.2.3 Piping 


In general, welded steel pipe is very rugged. Indeed, long runs have been observed to 
experience large displacements and strike structural members with no damage except to the 
thermal insulation, Figure 7.3. There has also been damage to the packing between piping 
and the steam generator shell where pipes enter the steam generator. This damage is 
superficial, does not affect the operation of the plant, and is easily repaired. Some damage 
has occurred to small inflexible pipes which are attached to larger, long pipe runs that are 
more flexible. An example is a small tap for instrumentation connected to a major steam 
pipe. Threaded pipe connections have frequently failed. Damage has been observed where 
pipe runs penetrate walls separating different structures so that relative motion between the 
structures serves as a guillotine for the pipe. Similarly, pipes that are anchored to different 
structures that experience relative deflections are frequently damaged. Piping running 
between or connected to different structures must be provided with adequate clearances and 
flexibility to accommodate the relative motion of the structures. 


Figure 7.3 Restraints to a large steam pipe were severely deformed due to the 
dynamic response of the pipe relative to the restraints. 


7.2.2.4 Fuel Supply 


For gas-fueled units there may be a disruption in the gas supply, which is usually 
provided by a gas distribution line. Historically, the earthquake performance of gas- 
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transmission lines has been very good. However, lines crossing faults or rivers are 
vulnerable. The risks to the fuel supply to oil-fueled plants are similar to that of gas-fueled 
plants. Oil-fueled plants usually have large fuel-oil storage tanks on-site. The performance 
seismic of tanks is discussed below. 


For coal-fueled units there may be problems with coal supply. Today most plants store 
only one to two months supply of coal at plant sites. The coal supply may come by river 
barges or on special unit-trains that travel over distances of more than a thousand miles. 
An example of a long tern disruption not associated with an earthquake occurred in the 
1993 Midwest flood. This flood severely disrupted the fuel supply to several coal-fueled 
generation plants. The time for unit trains to deliver coal more than doubled due to loss of 
direct routes and the need to travel slowly because of road-bed damage and congestion. 
Deliveries were also limited by the lack of engines, coal hopper cars and crews. In the fall 
of 1997, without problems caused by a natural disaster, shortages of engines, crews and 
cars caused a disruption of rail shipments that threatened to shut down generating stations. 
In the 1886 Charleston earthquake, long sections of the rail system were destroyed. 


Coal-fueled plants have not been subject to significant earthquakes, so their seismic 
performance is unknown. A seismic review of some of their facilities suggests that coal 
handling conveyor systems may be vulnerable. For example, in one plant a conveyor 
supplies coal to the plant silos at about the 80m elevation of the plant. The structural 
connection for the conveyer support structure is a pin at the bottom and a roller at the top. 
The top roller rests on a 15 cm deep platform. In an earthquake, if the steam generator 
support structure at the top of the conveyer moved more than 15 cm, the conveyer could 
fall from its upper support and the plant would be out of operation for a significant period. 


7.2.3 Commercially-Produced Equipment 


The term "commercially produced equipment" refers to equipment that is produced 
according to a manufacturer's standard design. Examples include pumps, motors, motor 
control centers, and low- and medium-voltage switchgear. This type of equipment has 
generally performed very well in earthquakes. Most problems have been associated with 
inadequate anchorage. The anchorage on some equipment, such as pumps and motors, 
which have relatively high service loads, performs well in earthquakes since normal service 
loads exceed earthquake loads. Smaller equipment which is shipped assembled usually 
performs well since the shipping loads can exceed earthquake loads. 


7.2.4 Engineered Equipment 


The term "engineered equipment” refers to equipment which is designed on a plant- 
specific basis. Examples of this include coal handling equipment, cable trays, piping 
systems, tanks of various types, and large fans. In general, this type of equipment has 
performed well. Standard industrial practice has yielded very good seismic performance of 
cable trays and piping. Coal handling equipment, discussed above, may be more 
vulnerable. Damage to engineered equipment is often associated with relative deflections 
between different structures that the equipment spans. 
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7.2.4.1 Liquid Storage Tanks 


Power generating stations typically have many different types of liquid storage tanks. 
Large liquid storage tanks have exhibited several failure modes in past earthquakes. Some 
of the observed failures were at facilities other than generating plants. Unanchored or 
inadequately anchored flat-bottom tanks have rocked, causing rigid pipe connections to fail. 


Rocking has also caused "elephant-foot" buckling — that is, a bulge around the base of 
the tank. Elephant-foot buckling (usually in conjunction with corrosion) or corrosion of 
the weld connecting the side wall to the base plate of the tank can cause relatively large 
ruptures, Figure 7.4. The consequent rapid emptying of the tank can generate a low 
internal pressure in the tank, causing it to buckle inward at the top, Figure 7.5. When there 
is elephant-foot buckling, the walls of tanks have torn at stiffeners that surround access 
ports. 


J-type anchor bolts have pulled from their embedments, allowing the tank to rock, 
which has contributed to elephant-foot buckling. Sloshing of fluid in a tank that is 
relatively full can also deform the top and upper walls of the tank. Sloshing of contents can 
damage lids on floating top tanks and damage internal roof supports. Smaller tanks can 
slide so that rigid pipe connections fail or drain pipes that extend below the tank are sheared 
off. Rigid connections between tanks, such as catwalks or piping, may fail due to relative 
motion of the tanks. Soil below tanks has liquefied and lateral spreading has damaged pipe 
connections. 


Figure 7.4 The corroded weld joining the side wall to the base failed causing a loss 
of contents. 
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“Figure 7.5 Several fuel-oil storage tanks failed and the rapid loss of contents 
caused the tank to buckle. 


Horizontal tanks supported in cradles have shifted because they were not anchored to 
their cradles. Plant feedwater heaters are usually supported on wheels on one end to 
accommodate thermal growth of the tank. These wheels need side restraints for seismic 
protection. Smaller vertical tanks supported on legs have fallen over when legs buckle. 


1.224 2p tacks 


There are records of damage to stacks (chimneys) dating back to the 1886 Charleston 
earthquake. Most damage has been to brick stacks and appears to occur between two- 
thirds and three-quarters of the height. Power plant stacks are constructed with an outer 
reinforced concrete shell and an internal liner which may be free standing or supported by 
the shell. In the Loma Prieta earthquake the stack liner at a generating station broke away 
from the outer shell from which it was supported. Repairs included adding straps to the 
outer shell, Figure 7.6. 


At one plant that had water storage tanks in the base of the stack, piping connections to 
the tanks failed. The tank did not appear to rock within the stack, so rocking of the stack 
may have damaged the pipe connections. 


7.2.4.3 Cooling Water Systems 


Generating plants are often located adjacent to large bodies of water that are used as a 
source of water to condense the steam back to water once it has expended its energy in 
driving the turbine. In this once-through cooling system there has been damage to the large 
circulating water pipes that transfer water between the generating unit condenser and the 
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water source due to the earthquake-induced movement of pipe supports in liquefied soil at 
or near the shoreline. 


Figure 7.6 Straps were added to the stack after the Loma Prieta earthquake in 
which the connections between the liner and the shell were damaged. 


7.2.4.4 Cooling Towers 


When a reservoir cannot be used, power stations use either natural draft (hyperbolic 
shaped) cooling towers or mechanical draft (forced air) cooling towers. There has been 
damage to forced-air type cooling towers at a non-power station facility that used a design 
similar to those found at power stations. Failure was attributed to the structural members 
that appeared to have been weakened by corrosion. Natural draft cooling towers have not 
experienced earthquake damage. 
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7.2.4.5 Elevators 


Elevators in power generating stations are more than a convenience. Generating 
stations 60m high are common and units as tall as 90m can be found. If plant repairs are 
required, moving tools such as welding equipment and repair parts to the equivalent of a 20 
story building without elevators is not practical. The earthquake performance of elevators 
has been marginal. Seismic provisions for elevators have only been mandatory 
requirements of the national elevator code for a few years, so most power plant elevators 
do not comply with the good practices now required in elevator codes. In general, the 
performance of freight elevators has been better than for passenger elevators. Simple 
retrofit procedures to improve earthquake response should be considered so that access in 
the steam generators structure is assured. Things to consider include anchoring of control 
cabinets, arching the hoist beam, and making improvements to reduce the chances of cables 
being fouled. 


7.2.5 Structural Damage 


Structural damage to power plants has been very limited. Isolated members have 
buckled and some connections have failed, Figure 7.7, but the operation of the plant was 
not affected and damaged members were easily repaired. 


Figure 7.7 A brace in the steam generator support structure failed and is shown 
after it was repaired. 


Typically one wall of the turbine building is shared with the steam generator-support 
structure and the opposite wall is free-standing. The typical high bay of the turbine 
building means that the free-standing wall will be relatively flexible perpendicular to its 
length and may be damaged. The outside wall also typically supports one of the rails for 
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the overhead crane needed to service the turbines. When not in use, the crane should be 
parked at one end of the turbine building. If the crane is located away from its end 
position, the seismic movement of the outside wall of the turbine building may damage the 
rails or wheels on the crane. At worst, the crane could fall from the support girder. 
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CHAPTER 8 
SYSTEM CONTROL 


RECOMMENDATIONS - RETROFIT AND NEW CONSTRUCTION 


Suspended control room ceilings should have restraints to reduce lateral movement. 
(S317 2) 


Light fixtures in suspended ceilings should also be restrained from a structural 
member to prevent them from falling. (8.1.2) 


Stem-style suspended light fixtures should have safety restraints. (8.1.2) 


Air diffusers should have attachments to ducts that do not depend on friction. 
(Sal. 2) 


Water pipes and appliances including sprinkler systems in and above the control 
room or control room equipment should be supported or restrained to withstand 
seismic loads. (8.2.1) 


Control center support systems, such as HVAC, lighting, computers, control 
equipment, and communication equipment, should be evaluated to determine if they 
need UPS or emergency back-up power. (8.2.2, 8.3.13) 


The structural integrity and installation of UPS and back-up power systems should 
be evaluated and seismically upgraded. (8.2.2.2, 8.2.2.3, 8.2.2.4) 


Installation of engine-generator systems, including engine-generator, control 
console, starting system, day tank, main fuel tank, piping system, oil cooler, 

cooling system, exhaust system, and transfer switch, should be evaluated and 
Seismicailymperaded. (8.3.1, $.3.2,.8.3.5, 8.3.4, 8.9:)5.0,5.0; 9-5-1 9. 0-5-0 
$3 9M Sco) 


A schedule for periodic testing of emergency power systems should be established 
and followed. (8.3.11) 


Operating procedures for emergency power systems should be documented and 
posted near the systems. (8.3.12) 


The installation of an external power hookup for a mobile generator should be 
considered. (8.3.14) 


Utilization of mutual aid and government emergency support systems should be 
incorporating into emergency management systems. (8.4.1, 8.5.4.5) 


The structural integrity and installation of control consoles, status boards, SCADA 
systems, computer systems should be evaluated and seismically upgraded. (8.5.1, 
Beet) 


Raised floors used in computer rooms should have floor-support pedestals bolted to 
the subfloor or held with high strength bonding materials. (8.5.3.2) 


Ieee) 


RECOMMENDATIONS - RETROFIT AND NEW CONSTRUCTION 


Equipment on computer floors should be restrained from lateral movement and 
from tipping over. (8.5.3.2) 


RECOMMENDATIONS - RETROFIT 


The mitigation program should include the eventual seismic renovation or 
replacement of vulnerable buildings housing the control center and other critical 
control functions. (8.1) 


RECOMMENDATIONS - NEW CONSTRUCTION 


The design of structures containing control centers or other critical control functions 
should address serviceability issues as well as meet seismic requirements of 
building codes. (8.1.1) 


Raised computer floors with stringers anchored to pedestals perform best. (8.5.3.2) 


System control involves the control of power output from generating stations to keep 
the supply of power balanced with the demand. This is often referred to as power 
dispatch. It also involves the control of the configuration of the power network so that 
damaged facilities can be isolated and/or bypassed to maintain service and to clear circuits 
for repair. Issues related to system control also include identification of system damage, 
restoration of service, and the repair or replacement of damaged equipment. 


Issues related to system control are discussed from the perspective of the utility's 
control center, although similar equipment can also be found in substations. 
Communications, which are an important part of the control center, are discussed in 
Chapter 9. Equipment commonly found in both control centers and substations includes: 
uninterruptible power supplies (UPS), control consoles and boards, display boards and the 
supervisory control and data acquisition (SCADA) system. The use of SCADA systems is 
increasing as more substations become unstaffed. In substations these systems monitor 
various system variables, the status of the power system equipment, and transfer the data to 
the control center. Equipment generally found only in the control center includes: 
emergency power engine-generator(s), computers, and large HVAC systems. 


Many vital functions necessary for the operation of a utility's power system are 
performed in the control center. A schematic diagram for a typical control center is shown 
in Figure 8.1. The control center has been divided into four groups of equipment, systems 
and functions: 1) the structure, 2) support systems, 3) system control, and 4) the facilities 
related to damage identification and restoration (Damage Restoration). 


8.1 Control Center Structure 


The control center structure contains most of the control system that is not distributed to 
other facilities. Some utilities may have these functions located in more than one structure. 
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Figure 8.1 Schematic diagram of control center functions and systems. 


Few such facilities have been subjected to significant earthquakes and none have been 
damaged or significantly disrupted by the effects of an earthquake. At one control center, 
located on the 15th floor of a building, the loss of power to the building required personnel 
to climb stairs to get to the control center. The control center itself was provided with 
emergency power. 


8.1.1 Structural Systems 


The seismic vulnerability of the control center structure should be reviewed. This 
review should include the evaluation of the vulnerability of the site, its accessibility, and the 
structural integrity of the building. Since the control center must remain operational after an 
earthquake, the normal design criteria used in building codes may not be appropriate. 
Building code criteria require only that a building not collapse when subjected to a major 
earthquake. While the building codes do have increased design criteria for buildings that 
house essential functions, and codes penalize elements with poor ductility by increasing 
design coefficients, they do not explicitly address serviceability issues. The evaluation of 
and mitigation of damage to structures is beyond the scope of this document, However, 
there are several references issued by the Federal Emergency Management Agency (FEMA) 
dealing with the evaluation of existing buildings [ 8.1, 8.2, 8.3] and seismic rehabilitation 
of buildings [8.4, 8.5, 8.6, 8.7, 8.8, 8.9, 8.10]. 


It is recommended: that seismic upgrading of inadequate structures that house control 
systems be incorporated into the mitigation plan. 
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8.1.2 Non-Structural Systems 


In addition to the building's structural system, there are non-structural and support 
systems. The HVAC systems, and emergency power system (UPS and engine-generator 
systems) are discussed below. There are other building components that can cause injury 
or damage equipment should they fail. 


Control rooms often have suspended ceilings, and their earthquake performance, even 
when they meet code requirements, has been marginal. Figure 8.2 shows a collapsed 
ceiling resting on acontrol console. This type of failure has the potential for injuring 
personnel and disrupting system control at an especially critical time — the immediate post- 
earthquake period. T-bar supported ceilings often drop ceiling panels, light fixtures and air 
diffusers. Most ceiling panels are lightweight and their dropping is an inconvenience rather 
than a serious hazard; however, some panels are heavy and pose a hazard. Seismic code 
provisions require that light fixtures have safety supports connected to the structural ceiling; 
however, older installations may pre-date these requirements. While the code requires that 
suspension wires have three turns to secure their support loops, this requirement is 
frequently ignored in areas of low seismic awareness. Air diffusers are often simply 
clipped onto ducts. It is recommended that positive anchors, such as screws, be used to 
secure these items. 
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Figure 8.2 Collapsed ceiling in a control room can make it impossible to control the 
system. 
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Most structures contain several independent water piping systems, including 1) potable 
water, 2) fire suppression systems, and 3) chilled water for air conditioning systems. The 
toppling of water cooler drinking fountains, water heaters, and the failure of pipes or 
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sprinkler heads can cause significant flooding. Even minor water leaks can spread over a 
floor and leak to lower floors far removed from the original leak. In one case, an 
unanchored water heater on the second floor at a service center toppled in an earthquake, 
and as a result, water penetrated to the communications room below and disrupted all 
communications to the service center. 


It is recommended that all appliances with water connections, such as drinking 
fountains, water heaters, humidifiers, and air conditioning chillers be anchored. All water 
pipes that penetrate construction joints should be provided with adequate flexibility and 
clearance around the penetration to accommodate the relative movement of the structures. 
The sprinkler heads on fire suppression systems that penetrate suspended ceilings should 
be designed with adequate clearance for flexibility to accommodate the movement of the 
ceiling without damaging or activating the sprinkler head. Plastic sheeting should be stored 
in rooms that contain electrical equipment so that it can be quickly deployed to protect the 
equipment from water leaks. 


Stem-style suspended light fixtures have frequently failed due to low-cycle fatigue, as 
shown in Figure 8.3. These units should be provided with secondary safety restraints. 


Figure 8.3 Stem-style light fixtures frequently fail. 


File and storage cabinets should be anchored. Raised computer floors are a 
nonstructural building component that are discussed in the Computers Section below. 


8.2 Building Service Systems 


The support systems consist of heating, ventilating and air conditioning (HVAC) 
systems, and emergency power systems. While both may be essential for continued 


239 


operation of the control center after an earthquake, the loss of emergency power can be 
most disruptive. 


8.2.1 HVAC Systems 


HVAC systems circulate fresh air throughout the facility and provide chilled air to 
selected areas for personnel comfort and to keep critical equipment, such as computers, 
cool. Even in cool climates, where air conditioning is normally not used for personnel 
comfort, it may be needed for computers and communication equipment because of the heat 
that this equipment generates. HVAC systems consist of chillers, cooling towers, piping, 
air handling equipment, heat exchangers, and ducts. 


The earthquake performance of HVAC systems has been mixed. Most damage has 
been associated with poor installation rather than with the equipment itself. The most 
common problem has been with the roof-mounted cooling towers or heat exchangers. 
Most commonly, the equipment moves and breaks pipe connections. Flooding resulting 
from broken water pipes can be very disruptive. Air handling equipment has also moved, 
Figure 8.4, but this generally does not affect its operation. 
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Figure 8.4 Air handling equipment mounted on vibration isolators moved but 
continued to operate. 


If air conditioning is needed for the continued operation of critical equipment, 
emergency power should be provided to the system. If evaporative cooling towers are 
used, the need for makeup water should be evaluated and an emergency supply provided. 
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8.2.2 Emergency Power Systems 


Emergency power is necessary to continue critical functions in the event of a disruption 
of normal or commercial power. Power system facilities that normally have some type of 
emergency power include the control center, substations, emergency operations center, and 
communications facilities. 


Two types of emergency power are available to meet system needs. For some systems 
no disruption of power is acceptable. For these systems, batteries are used to provide an 
uninterruptible power supply (UPS). UPS systems may supply power for a few minutes 
to several hours. In equipment where a short interruption of power is acceptable, or when 
emergency power must be provided for extended periods, an engine-generator system 
should be provided. 


8.2.2.1 Uninterruptible Power Supplies (UPS) 


UPS systems typically provide emergency power to critical equipment in the event that 
normal commercial power is disrupted. At substations, station batteries also provide 
capacity to meet large, short-term power demands. These systems typically consist of 
storage batteries and racks to support them, battery chargers, and inverters. In some 
equipment a distributed UPS system is used in which a battery provides power to an 
individual equipment rack or to a subsystem in the rack. Some equipment, such as radio 
repeaters, have very small UPS systems. Figure 8.5 is a schematic diagram of a typical 
control center UPS system. 


DC power to critical loads 
of AC power AC power to critical loads 


Charger Inverter 


Cells and battery rack 


Figure 8.5 Schematic diagram of UPS system. 


8.2.2.2 Battery and Battery Racks 


The earthquake performance of batteries has been good, provided that they did not fall 
from their racks. Older cells near the end of their life may have been damaged because of 
shorting of plates due to material having shaken loose within the cell. There has been a 
report of an internal structural failure in an old cell. The main problem has been damage to 
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cells that have fallen from their rack or have been damaged due to impacts while on the 
rack. Figure 8.6 shows a battery rack used in some parts of the country in which the cells 
are not restrained by the rack. Moderate ground motions can cause the cells to fall from 
their rack resulting in cracked cases and acid spills. 


Figure 8.6 Battery rack with no restraints to keep the cells on the rack. 


Batteries should be restrained by their racks and should have spacers between cells, and 
between cells and restraints. There is evidence that impacts between adjacent cells and 
between cells and their restraints can crack cell cases. Heavy cables should be restrained so 
that cable dynamics do not add loads to connection hardware or binding posts. There 
Should be adequate slack to accommodate rack movement. 


Battery racks should be anchored and braced to resist large lateral loads. Bracing a 
battery rack to a wall can reduce the demands on its structural system and may avoid the 
need to replace an existing rack. Batteries should be protected from secondary failures, 
such as damage caused by an unanchored storage cabinet falling on the rack. 
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8.2.2.3, Chargers and Inverters 


Chargers and inverters are grouped together because they are very similar from an 
earthquake perspective. Chargers are normally supplied by commercial AC power. This 
power is converted to the appropriate DC voltage and fed to the batteries to supply the 
normal load on the batteries so that they remain fully charged. The inverter gets its power 
from the batteries and converts the DC power to AC power to supply equipment that 
requires it. 


Chargers and inverters can vary in size from bread-box sized units mounted on a wall 
to a series of refrigerator-sized units. They should be well anchored because they contain 
relatively heavy transformers, Figure 8.7. Units have been found that are supported on 
rails connected to sheet metal side panels. These units are often supported on short legs or 
channels with vents in the cabinet floor or at their base to provide good air circulation for 
cooling. It is important that the load path for the internal transformers be evaluated from 
the transformers into the foundation pad. 


8.2.2.4 Special Battery Systems 


Handheld radios typically have special rechargeable battery packs that are coupled to or 
inserted into the portable radios. Handheld radios are typically used by maintenance 
personnel in large facilities, such as power generating stations. Special battery packs may 
also be used with flashlights. There have been cases after earthquakes where a power 
generating station went black because of loss of off-site power and all generating units off- 
line. After several hours of continuous use the radio and flashlight batteries ran down, 
severely hampering the task of getting the units back on-line. 


The chargers for batteries used in handheld devices usually accept several battery packs 
in slots. It is important that there be an adequate number of spare battery packs and that the 
charging unit be connected to a circuit provided with emergency power. 


The storage capacity of rechargeable batteries should be periodically check. 
8.3. Engine-Generator Systems 


Engine-generator systems are very diverse both in size and configuration. Most 
systems are designed to start automatically when commercial power is lost, although some 
systems, especially smaller units, require manual switching for starting. The components 
and subsystems of a large engine-generator are the engine-generator itself, control console, 
starting system, day tank, oil cooler, cooling system, main fuel tank, piping system, 
exhaust system, and transfer switch. A block diagram of the engine-generator shows the 
functional relationship between the components and subsystems, Figure 8.8. All systems 
may not have all of these elements. Additional information on the selection, installation, 
maintenance, and testing of engine-generator systems is contained in [8.11]. 


8.3.1 Engine-Generator 


Engine-generators vary from small self-contained units with a capacity of 3 kVA to 
large diesel unit that can generate over 1000 kVA. The engine and generator are inherently 
very rugged. The main vulnerability of the engine-generator is inadequate anchorage. 
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Figure 8.7 Battery chargers and inverters have heavy internal components that 
must have adequate support within the cabinet. 


Some units are completely unanchored; more frequently, the engine and generator are 
mounted on a skid or frame that is supported on vibration isolators to keep vibration of the 
engine from reaching its support structure. The vibration isolators have frequently failed, 
allowing the entire system to shift, damaging utility connections to the system such as 
those carrying water, oil, or fuel. As a result, the engine-generator could not be operated. 
The vibration isolators should have snubbers to limit the lateral movement of the system, 
Figure 8.9. Utility line connections to the engine-generator must also be provided with 
adequate flexibility. 
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Figure 8.8 Functional components of engine-generator system. 
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Figure 8.9 Snubber used to restrain vibration isolated engine- generator. 


It is recommended that the engine-generator be bolted directly to its foundation. If 
circumstances require the use of vibration isolators, they should be seismically qualified. 
In evaluating vibration isolators, cast iron and cast steel can often be found, and the original 
specifications of the isolators will probably be needed to determine if snubbers should be 
added to the unit. 
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8.3.2 Control Console 


Large engine-generators usually have free-standing control consoles. The console 
controls the sequencing for starting the engine and also has protective systems. The 
console will have a relay to sense when commercial power is lost, in order to initiate the 
start-up process. Large engine-generators typically provide power to UPS systems as well 
as to many of the other important systems that do not require the continuity of power 
provided by the UPS. To prevent overloading the engine-generator when the emergency 
system comes on-line, load must be added sequentially. Some loads, such as motors, have 
a large startup current that may exceed the generator capacity if all motors are started at the 
same time. 


The protective systems of the engine-generator may include over-temperature sensor 
and low lubricating oil sensor and associated shut-off relays. There have been cases where 
these relays have been tripped due to earthquake vibrations. For this reason vibration- 
sensitive relays should be avoided. Some facilities may have more than one engine- 
generator system. In such cases, all engine-generator systems must be electrically 
synchronized. There have been control system problems when the synchronizing signal 
was not available. 


Some facilities have large UPS systems that can support most functions in the control 
room. When there is a loss of normal power, system operators may not be aware that the 
engine-generator did not start or started and then stopped, until the batteries of the UPS 
system are almost run down. When this happens, there may be inadequate time to get the 
engine-generator operating. It is desirable to have an annunciator in the control room 
indicating the status of facility power and of the engine-generator system. 


Free-standing engine-generator control cabinets are typically 20 inches wide but only 
six inches deep. Their small footprint can create large anchor loads due to overturning 
moments. Braces from the top of the cabinet to a structural member can reduce anchorage 
loads. 


8.3.3 Starting Systems 


Two types of starting systems are commonly used for emergency -generators: 1) 
battery operated starter motor, and 2) compressed air system. Depending on the size of the 
engine, one or more batteries may be required to start the engine. Unfortunately, these 
batteries are often unanchored so that in an earthquake they can move or fall over and be 
damaged, Figure 8.10. Large engines often use compressed air and air motors to start the 
engine. These systems require a small electric motor-operated compressor, air storage 
tank, and piping system. The various components are frequently unanchored so small 
diameter piping can be damaged when equipment moves. 


8.3.4 Day Tank 


The day tank is a small fuel tank located near the engine-generator intended to supply 
fuel for a short time. The main fuel tank is located outside of the structure for fire safety 
reasons. On some engines the day tank is supported by the engine. There is usually a fuel 
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pump near or mounted inside the day tank to pump fuel from the main fuel tank to the day 
tank. 


Figure 8.10 A large battery used to start an engine-generator was poorly anchored. 
Vibration isolators and snubbers can be seen below the battery. 


Failures of day tanks have occurred in which their support structure or anchorage failed 
and fuel oil spilled in the engine-generator room. Because of fear that the oil would be 
ignited if the engine was restarted, the fuel oil had to be cleaned up before emergency 
power could be provided. 


The Environmental Protection Agency (EPA) regulations now require that double- 
walled fuel tanks be used. A common configuration for the day tanks in these new systems 
is to place a closed fuel tank inside an open tank, as shown in Figure 8.11. In these 
systems, the closed tank may be unanchored or poorly anchored . In this case, the piping 
is the only physical restraint to seismic loads of the inner tank. Older systems frequently 
have a separate day tank and fuel pump, Figure 8.12, both often unanchored. 
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Figure 8.11 Day tank of the new design with the fuel tank resting in an open tank. 
While this system is anchored, other units may not have the fuel tank restrained to 
the open tank. Frequently the entire system may be unanchored. 


The day tank and associated piping should be anchored. The load path between the 
internal tank and the foundation should be evaluated. The fuel pump must be connected to 
a Circuit provided with emergency power. 


8.3.5 Main Fuel Tank 


Most engine-generators have a main fuel tank of 500 to 2000 gallons. Older tanks were 
typically buried, but EPA regulations now require that old tanks be replaced with double- 
walled tanks, and other requirements favor the use of above grade tanks, as shown in 
Figure 8.13. Above ground tanks are frequently unanchored and connections can be 
damaged if they slide, Figure 8.14. One of the problems with large fuel tanks is that the 
fuel can sit in the tank for a long time before it is either consumed or replenished during 
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Figure 8.12 Older systems often have separate fuel pumps to move fuel from the 
main tank to the day tank. They are frequently unanchored as is the one shown 
here. 


routine, periodic testing. Old fuel can clog fuel filters and injectors, preventing the engine 
from running. While fuel preservatives can extend its life, fuel should not be kept for over 
five years, even if it is treated. 


Small engine-generators often use bottled-gas as a fuel source. This has the advantage 
that the fuel will not degrade with time and no day tank is needed. Bottled-gas tanks are 
frequently inadequately anchored, and units have moved in an earthquake and broken the 
fuel line. Gas leaks in a small enclosure housing the engine can cause an explosion if an 
ignition source is provided. After a utility experienced an explosion (not related to an 
earthquake), small ventilation fans and gas detectors were added to gas-fired units. It is 
important to protect piping from secondary damage. Figure 8.15 shows a gas line that 
supplies the engine-generator that could be damaged by an adjacent unanchored storage 
cabinet. 


Emergency power generator systems should not be configured to rely on natural gas 
supplied from the local gas company. While the earthquake performance of gas system 
piping has generally been good, distribution lines, service connections, and service lines 
have been damaged by soil deformations. 


8.3.6 Piping System 


Piping systems are needed to carry the fuel oil from the main tank to the day tank. An 
unanchored tank can move and cause failure of the fuel line. The main fuel tank is usually 
located outside of the building containing the engine-generator. Thus, if there is any 
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Figure 8.13 Typical fuel tank that replaces older buried tank. 


Figure 8.14 Note that anchor tabs are not used and if the tank lides it could 
damage the connection. 
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Figure 8.15 A small diameter gas line that fuels an engine-generator is vulnerable 
to damage from a nearby unanchored storage cabinet. 


liquefaction or subsidence, the fuel line may be subjected to large strains and fail. There 
have been cases where the fuel line passed near heavy equipment which moved in the 
earthquake and fractured the fuel line. There was a case where a long, small diameter fuel 
line was inadequately supported and vibrations caused a low-cycle fatigue failure at a 
threaded connection. 


All pipelines connected to the engine-generator should be evaluated to assure that they 
have adequate support, that penetrations through construction joints have adequate 
flexibility, that they are not vulnerable to secondary failures, and that adequate flexibility is 
provided to accommodate movement from soil liquefaction. 
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8.3.7 Oil Cooler 


Although uncommon, some large engine-generators have oil coolers. It is important 
that the lines carrying oil can accommodate the movement of vibration-isolated systems, 
and the support system for the heat exchanger can withstand earthquake loads. 


8.3.8 Cooling System 


Almost all engine-generators are liquid cooled. Small and moderate-size engines have 
radiators mounted on the same skid as the engine-generator. These systems have been the 
most reliable type of cooling system because there is no external piping or remote 
equipment. Larger engines typically have external cooling towers or heat exchangers. 


There are two types of cooling towers: closed systems and evaporative-type systems. 
Closed systems have the advantage that there are no evaporative losses, so no makeup 
water is needed. Because closed-type cooling systems are more expensive, evaporative- 
type systems are more frequently used for large engine-generators. Cooling towers are 
often located on the roof of a building, resulting in increased seismic exposure due to the 
dynamic response of the building. Engine cooling towers have frequently failed. Some 
failures were due to inadequate anchorage, for example when there was a desire to avoid 
penetrating the waterproof diaphragm covering the roof. In some cases the anchorage or 
the structural system making up the cooling tower had corroded over time and failed in the 
earthquake. There have been cases where piping systems connecting the engine to its 
remote radiator have failed. 


Evaporative cooling towers require makeup water to replace evaporative losses. 
Because municipal water systems can be disrupted, an emergency water supply should be 
provided. For small systems make-up water demands may be moderate, but actual needs 
should be determined. For example, an insurance company in DesMoines, Iowa, lost their 
normal water supply due to flooding. The company was unable to use their computers 
without the air conditioning system to cool them. The cooling of the building could not be 
isolated from that of the computers. This system required make up water of 6,000 gallons 
every 8 hours, illustrating that makeup water needs may be substantial. A third type of 
cooling system is the single-pass water cooled system. These systems are considered 
unreliable because they are typically dependent on the municipal water system, which is 
subject to earthquake disruption, and should be avoided. 


Cooling systems in which heat exchangers are mounted on the same support structure 
as the engine-generator are recommended. If remote heat exchangers are needed, they 
should have engineered anchorage. It is important that they be provided with proper 
maintenance to assure their structural integrity. Piping systems between the engine and the 
heat exchanger should be seismically robust. 


8.3.9 Exhaust System 


Most engines have a muffler and piping system to remove exhaust fumes from the 
enclosure protecting the engine. These systems may be poorly supported and fail in an 
earthquake. There have been cases where the exhaust system was secured to the roof of 
the engine-generator enclose and motion of the roof caused the muffler piping connection to 


252 


fail. While the engine can operate without a muffler, the air intake for the engine is 
typically in the enclosure and the intake of exhaust fumes from a damaged muffler may 
cause the engine to be starved for combustible air. Leaking exhaust fumes may also be 
hazardous to personnel working in the building. 


The structural support for the exhaust system should be designed to withstand 
earthquake loads. If parts of the exhaust system are supported from the roof of the 
enclosure, the system should be designed to accommodate the relative motion between the 
engine and exhaust system supports. 


8.3.10 Transfer Switch 


The transfer switch disconnects the incoming power line from the commercial power 
source and replaces it with the output of the engine-generator. There have been problems 
with transfer switches in earthquakes, but they appeared to be associated with issues of age 
and poor maintenance rather than related to the direct effects of the earthquake. Although 
the periodic testing procedures used at some facilities do not exercise the transfer switch, it 
is recommended that the transfer switch be tested at least once a year along with other 
components as recommended in the Testing Section. 


8.3.11 Testing 


Most organizations periodically test their systems. There have been problems with 
these systems after an earthquake because the system's controls had not been properly reset 
after testing or maintenance. There have also been problems with closed air dampers, and 
with closed valves on fuel and cooling system lines. 


Periodic testing serves three purposes. First, it establishes that the engine-generator 
unit(s) can start. Second, it determines that the system can carry its test load. Third, it 
establishes that under test load for several hours it does not overheat. Ideally the system 
should be tested under full normal load; however, this is often not practical. Many of the 
systems supported by the engine-generator may not be require UPS system. For example, 
an inventory control system may not be on a UPS system because the system need not be 
continuously available. However, the system would be on emergency power following the 
earthquake because inventory information would be needed. Such systems may be shut 
down during engine-generator tests. In some cases a load bank is provided to load the 
engine-generator during testing to avoid disrupting normal operations. While the load bank 
may have been appropriately sized at the time the emergency power system was installed, 
power demand of facilities often increases over time. One of the major causes of failure of 
engine-generator systems is that they overheat and shut down under actual service loads. 


It is recommended that engine-generators be tested during hot weather under normal 
operating loads at least once a year. The test should run for several hours. It is suggested 
that, if possible, this test be initiated by cutting normal power to the facility. This 
procedure will verification of the normal start-up process and confirm that all critical 
subsystems are provided with emergency power. 
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8.3.12 Operating Procedures and Their Documentation 


Some organizations have specialists whose responsibility it is to maintain and test 
emergency power systems throughout the utility. While this establishes a high degree 
of expertise and uniformity in maintenance, it is important that additional personnel at 
the facility be familiar with the operation of the emergency power systems. Should 
problems arise in the aftermath of an earthquake, local personnel will be in a better 
position to get the systems into operation. It is recommended that specialists conduct 
annual training sessions with local personnel in conjunction with their normal testing 
procedures. 


The procedures to be used for starting the emergency power system should be 
posted near the engine-generator. These instructions should include a check list for all 
switches and valves associated with the system to assure that they are in the proper 
position. A schematic diagram should indicate the location of these items themselves 
and the items should be clearly labeled. A troubleshooting list of potential problems, 
including symptoms and mitigation measures should be included. Examples of topics 
that might be discussed could be bad fuel oil, rundown starting batteries, overheating 
due to overload, overheating due to cooling system damage, and improperly set 
controls. 


8.3.13 Emergency Power Survey 


All systems in the facility should be reviewed to determine if they should be 
provided with emergency power or connected to a UPS system. As systems evolve, 
their importance to the operation of the utility may change and warrant their being 
provided with emergency power. After critical systems have been identified and 
connected to emergency power, total emergency power demand should be assessed and 
compared with emergency system capacity. 


8.3.14 External Power Hookup 


For critical facilities, such as the control center, an external power hookup should 
be considered. A large telephone company installed external power hookups so that 
should there be problems with the engine-generator, a mobile unit could be brought in 
and quickly connected to the central office. This was done even though an aggressive 
testing and preventive maintenance program for emergency power systems was in 
place, because the performance record of emergency power systems has been so poor. 


8.3.15 Summary of Critical Issues for Emergency Power Systems 


¢ Engine-generator units should be anchored to their foundations. If vibration isolators 
are used they should be seismically qualified, contain no cast iron, and have snubbers 
or other restraints. 


¢ Engine-generator utility connections should be provided with adequate flexibility. 


* The engine-generator control console should be anchored and top braces should be 
considered for units with small footprints. 7 


* The status of commercial power and the engine-generator should be provided to the 
operator through an annunciator. 
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* Starting system components, such as batteries or a compressed air system, should be 
anchored. 


¢ The day tank should be anchored. 


* The fuel pump, when it is separate from the day tank, should be anchored and provided 
with emergency power. 


¢ Piping between the main fuel tank, the day tank, and the engine-generator should be 
secured and provided with adequate flexibility. 


¢ The main fuel tank should be anchored. 


¢ An integral cooling system is recommended. If remote cooling system components are 
needed, they should be anchored, well maintained, and their piping system anchored 
and provided with adequate flexibility. 


¢ If evaporative cooling towers are used, the need for makeup water should be evaluated 
and provisions made for its availability. 


¢ The engine-generator exhaust system support should be engineered, and relative 
movements of its supports should be taken into account. 


¢ The transfer switch should be properly maintained and its operation tested at least once 
a year. 


¢ Testing procedures should be established and testing should be performed on a regular 
basis. Local personnel should be familiar with the operation of emergency power 
systems. It is recommended that at least once a year the engine-generator should be 
tested under normal load conditions with normal power shut off. 


¢ Operating instructions for starting the engine-generator should be posted near the 
engine- generator. 


¢ Anexternal hookup for mobile emergency power should be provided at critical 
locations, such as at the control center. 


¢ Systems that should be reviewed periodically to determine if they should be connected 
to the emergency power system. 


¢ Power demand on the UPS and engine-generator system should be compared to their 
capacity. 


8.4 Network Management 


Network management is divided into three activities for this document: energy 
management, power dispatch, and network configuration. 


8.4.1 Energy Management 


Energy management, as used here, refers to the contractual relationships between 
energy producers, consumers, and power transmission companies. While this activity has 
existed for decades, its scope and character is now rapidly evolving with the deregulation 
of power systems. The operation of this evolving system and its role relative to system 
reliability after catastrophic disruptive events, such as earthquakes, is unknown at this time. 
This activity is dependent on communications between the various players and will utilize 
the Public Switch Network (PSN) telephone system. 


ZaS 


The detailed discussion of the earthquake performance of the PSN is beyond the scope 
of this document, but is discussed in [8.12]. The earthquake performance of the facilities of 
the PSN have generally been good. However, immediately after a significant earthquake, 
call volume dramatically increases and congestion on the network can severely reduce call 
completion rates. To prevent the saturation of switches (computers) that control network 
traffic, access into the earthquake impacted area is restricted by telephone company network 
control. Under these conditions communications for the energy management of the power 
grid may be severely limited. 


The traditional method available from most telephone companies was to request 
telephone lines with essential service status. This is a non-tariff service that would be 
available to some power system telephone lines. This status give the line priority for 
getting dial tone when the system is congested. While this will improve access to the local 
central office, access to lines outside of the local central office is on an equal basis with all 
other traffic. As a result, an essential service line status provides only marginal 
improvement in the availability of the PSN. The Government Emergency 
Telecommunications Service (GETS) has been designed to address the deficiencies of 
existing systems. The GETS, for which power utilities would be qualified to enroll, 
exploits existing facilities of the PSN to provide enhanced routing schemes and priority 
handling to call completion. Entry into GETS is accomplished by using a special access 
phone number and a personal identification number (PIN) assigned to each authorized 
National Security/Emergency Preparedness (NS/EP) user. For more information about 
GETS, or how to become a user, contact the National Communication System (NCS) 
Home Page on the Internet at http://164.117.147.223 or the GETS PIN Administrator, at 
(703) 607-6118 or via electronic mail at "gets@ncr.disa.mil”. 


It is recommended that essential service status be requested for critical lines within the 
utility and that appropriate personnel become enrolled in the GETS. 


8.4.2 Power Dispatch 


Power dispatch is a system that keeps power generation in balance with demand. For 
most systems this is a computer control process in which system load and power sources 
are monitored. Using an appropriate algorithm the appropriate output from the system's 
generating units is determined. This information is automatically transmitted to the 
generating stations and is used to adjust their output. Issues related to the earthquake 
vulnerability of computers are discussed in the System Control section below and 
Communications is discussed in Chapter 9. 


8.4.3 Network Configuration 


For most power systems, system configuration is supervised by the network operator. 
Switches may be controlled manually from the local substation, or, if motor operated 
switches are available, remotely from the local substation or the control center. Due to the 
situation at a substation, the substation operator may determine that the substation must be 
reconfigured, say to Clear a circuit breaker to perform maintenance. These actions would 
normally be cleared through the control center. The substation operator, if there is one, and 
the network operator would have the control console change status or enter status if it was 
not done automatically. Changes in status would be exhibited on the substation and control 
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center status boards. The operator would also have access to a computer monitor from 
which a broad range of information would be available. Communications systems would 
also be accessible so that the operator could speak to operators at substations or power 
generating stations. 


8.5 System Control 


This section deals with the equipment used for system control. Control consoles, 
status boards, SCADA systems and computers are considered. 


8.5.1 Control Console and Status Board 


The control console usually supports a computer monitor, keyboard, and a 
communication assets control panel. The console may also support or serve as a bookshelf 
for reference manuals and an operations log. 


The console frequently has a U or V configuration. Power, communication lines and 
connection between the monitor and key board and the computers usually enter the console 
through holes in the floor below the console. In some installations a control board is 
located adjacent to or behind the control console. 


In earthquakes, consoles have moved and monitors, books and manuals supported on 
the console have fallen. Because consoles have a low center of gravity they have not tipped 
over, but they have slid. The consoles are frequently poorly anchored. Figure 8.16 shows 
a control board located behind the control console operator. The books on the top of the 
control board could fall and activate push buttons on the control panel or damage control 
levers, switches or indicators. Figure 8.17 shows a sheet metal friction clip used to anchor 
a power cabinet, but they have also been used in control councils. The problems with 
friction clip anchors were discussed in Chapter 5. If the console slides, communication, 
monitoring and control lines entering the console through the floor may be cut. 


The control console should be securely anchored to the control room floor. Anchoring 
procedures when raised floors are used are discussed in the Computer Section below. 
Monitors and other equipment should be secured to the control console bench top. This 
can be done in several ways. While units could be bolted to the surface, the utilization of 
bench top workspace by different operators makes this impractical. The most flexible 
approach is to use double sided foam tape to secure the equipment to the surface [8.13]. 
This tape, which is available at hardware and stationery supply stores, has a non-marking 
adhesive that has a holding power of about 80 pounds per square inch, and it can be peeled 
from most surfaces without leaving a residue. 


Vibration tests of bolted cabinets, such as control consoles and instrumentation racks, 
have shown that the addition of nuts to bolts using threaded connections can improve their 
performance. 


To retain books on surfaces above control consoles, shelf lining materials are now 
available that provide a high resistance to slipping, leave no residue, and do not stick to the 
objects on the shelf [8.14]. 
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Figure 8.16 Control board positioned behind a control co 
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Figure 8.17 Friction clips used to anchor control consoles are unr 
console moves, the cables entering through the floor may be cut. 
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Status boards usually depict the power grid in the region under the control of the 
control center as a single-line drawing. The status of circuit breakers and disconnect 
switches is indicated by lights or flags. Status boards may be mounted to structural walls 
or may be free standing. Figure 8.18 shows a status board that has been propped up after 
it fell over in an earthquake. 


quake. 


Status boards should be positively anchored. Self-supporting units with a small 
footprint should be provided with braces to the building structural system. 


8.5.2 SCADA System 


Utility supervisory, control and data acquisition (SCADA) systems monitor information 
on the status of equipment and values of variables, such as voltage or current, and transfer 
it to the control center and allow the control center operator to remotely control certain 
system operations. In addition to the monitoring and control equipment, extensive 
communication resources are used to transfer information and control signals. 
Communications are discussed in Chapter 9. 


The earthquake performance of the terminal parts of SCADA systems has been good. 
Problems with communications are discussed in Chapter 9. 


8.5.3 Computer Systems 


The control center may have computer systems for power dispatch, network 
configuration and status, trouble board damage location processing, system inventory, and 
power flow and transient analysis. The utility also has computers used for business 
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purposes of billing, and accounts payable and receivable. These computer systems usually 
require air conditioned environments and UPS systems to prevent power disruption. 


Newer control rooms are often located on raised floors to provide easy access and 
routing of cables for computers, storage devices and monitors. The height of raised floors 
can range from six inches to over two feet. The flooring system consists of pedestals that 
frequently are only held to the sub-floor with a mastic, although shot anchors and 
expansion anchors are also used. The pedestals are typically positioned on two foot centers 
and the head of the pedestal supports the corners of four floor panels. Some systems have 
stringers that connect the pedestals to form a rectangular frame, and in these systems, the 
stringers support the edges of the floor panels. Some systems provide structural 
connections between the stringer and pedestal while others have pockets for the stringer 
ends, but no positive connection. 


Most equipment is supported on casters or leveling pads, Figure 8.19. This equipment 
is usually restrained only by the cables that are connected to the equipment and enter 
through holes cut in the floor panels, Figure 8.20 Heavy equipment is frequently 
supported on a structural frame that carries loads to the sub-floor, Figure 8.20. 


Figure 8.19 A computer disk drive supported on leveling screws adjacent to hole in ; 
floor for cable access. 


The most common method of restraining equipment on raised floors is to use the power 
and signal cables to tether the equipment. These cables can be secured to the floor slab. In 
some cases steel cable is attached to the equipment frame, and is anchored to the floor slab 
to reduce the loading on power and signal cables and their connectors. In both of these 
systems very little vertical restraint is provided so that tall equipment may tend to tip over. 
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Figure 8.20 Structural frame anchored to the subfloor supports heavy equipment on 
raised floor. 


Equipment is typically free to slide several inches so that it can hit walls, columns or 
adjacent equipment. Casters or leveling pads can also fall into cable access holes. 


8.5.3.1 Earthquake Performance of Computer Systems 


Most earthquake damage has been to unanchored equipment moving or tipping or 
sliding into adjacent equipment, walls or building columns. In systems that do not have 
stringers connecting to pedestals, there have been partial collapses of the raised floor 
system. If equipment is anchored to the raised floor then substantial lateral loads can be 
transferred to the raised floor. Panels can pop up and the members can buckle if there are 
no stringers or the stringers do not have structural connections. Equipment supports can 
fall into cable access holes and tip the equipment over. Unanchored equipment can strike 
walls or columns. 


In a Japanese computer facility using similar installation practices, computer tape decks 
fell over, Figure 8.21. 


There have been water leaks and water has collected below the raised floor and cable 
connections have become wet and have been damaged. 


8.5.3.2 Recommended Practices for Computer Systems 


Pedestals that support the floor panels should have positive anchors. Mastic does not 
have adequate holding capacity, but high strength bonding material would be acceptable. 
Shot-installed nails should be avoided as they pull out due to prying action of the pedestals 
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Figure 8.21 Signal and power cables restrained lateral movement at the base of the 
computer tape drive. Lacking restraints at the top and vertical restraint at the base, 
the tape drive fell over. 


subjected to overturning moments. Positive connections should be used between the 
stringers and pedestals. 


Equipment on raised floors should be restrained. The use of power or signal cables to 
tether equipment is not recommended as it can damage cables and does not prevent the 
equipment from tipping over or moving some distance laterally. If this approach is used, a 
separate tether cable should be attached to the equipment and secured to the subfloor. 


A toggle link system has been used to secure equipment to raised floors. In this 
system, a heavy bar is connected across the center of the equipment frame base. An 
expansion anchor eye bolt is installed in the floor slab beneath the equipment. A hole is cut 
in the floor panel and a rod and turnbuckle is connected between the eye bolt in the floor 
Slab and the bar in the equipment to form a toggle link, Figure 8.22. With this system, the 
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equipment is allowed to slide on the raised floor, but the toggle link holds the equipment 
down and limits its lateral movement. The hole in the floor for this toggle link must be 
large enough to accommodate lateral movement of the equipment. With this method, some 
movement of the equipment is allowed, but there are no impacts at the limits of the motion. 
Relatively little lateral load is applied to the raised floor. As the equipment moves, the load 
in the toggle link increases, preventing the equipment from tipping over. 


Cross bar 
added to Raised 
equipment | floor 
panel 


Pedestal ——3- 
Floor slab 
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Figure 8.22 Toggle-link system for restraining equipment on raised floors. 


Another approach is to attach a steel cable at each corner of the equipment, pass these 
through small holes in the floor and anchor them to the floor slab, Figure 8.23 This 
system provides lateral and vertical restraint. It has performed well, but the small holes in 
the raised floor for the steel cables will transfer lateral loads to the raised floor if the 
equipment moves. 


Heavy equipment should be supported on a frame that is anchored to the floor slab, 
Figure 8.20. 


Each of the three methods of restraining equipment on raised floors has advantages and 
disadvantages. The use of tethers has been tested on shake tables; however, the peak-to- 
peak motion during the test was limited by the table limitation to three inches. Much larger 
motions can be anticipated in earthquakes, so there are questions about the applicability of 
the tests to more realistic base motions. The use of a frame anchored to the floor slab is 
generally considered the most effective, but it is also the most costly. 


8.5.4 Damage Restoration 
8.5.4.1 Damage Assessment 


In general, after an earthquake, substation personnel will assess damage and engineers 
from the central office will review each substation to document damage. Pictures of 
damage before cleanup starts can be useful for post-earthquake evaluation of the equipment 
failure modes and factors that may have contributed to the failures. A detailed procedure 
for conducting a post-earthquake evaluation of power systems is given in [8.15]. 
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Figure 8.23 Steel cables have been attached to each corner, passed through holes in 
the raised floor and anchored to the subfloor. 


Damage to the distribution lines is assessed by inspection by field crews and from 
customer calls. The trouble board, a term not used by all utilities, consists of a bank of 
operators who answer calls made by customers reporting system problems. Many utilities 
have centralized this operation for the entire system at one or two locations. Damage 
reports can then be entered into a computer system, and from the pattern of outages the 
location of the problem can be identified. Once the problem is identified, the centralized 
system will send a message that is printed out at the appropriate service center, where a 
dispatcher will send an appropriate type of crew to repair the problem. (The trouble board 
operation in general would not be physically located at the control center, but is described 
in this section because of the centralized character of its operation.) 


8.5.4.2 Damage Locator 


Earthquake damage to substations is determined by post-earthquake inspections. 
Damage assessment to the distribution system would be done in the same way as is done 
for storm damage. Customer calls to the trouble board are used to locate the damage which 
is then followed up by dispatching a crew to identify and repair the damage. Congestion 
on the Public Switch Network telephone system and the flood of calls to the trouble board 
can slow the receipt of damage reports at the utility. This can frustrate customers. 
Experience indicates that customers are sympathetic to the problem of restoring service after 
a damaging earthquake; however, customer frustration can turn to anger if reliable 
information is not provided as to when service is to be restored. Some utilities have 
developed sophisticated damage locator systems. The availability and use of these systems 
can aid in providing timely restoration predictions to customers. 
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8.5.4.3 Repair Dispatch and Service Centers 


Distribution system repair notices are given to the appropriate service center based on 
customer calls. The service center contains a supply of spare parts, parking for service 
vehicles, design drawings for the service area, communications links, and a base station for 
dispatching repair crews. 


There is no record of severe damage to service center structures. There has been 
damage to spare porcelain that was not properly stored. Small parts stored on shelves and 
in storage cabinets have been tossed on the floor. While this did not physically damage 
most items, the time taken to find the desired parts slightly delayed the restoration process. 
At one service center an unanchored water heater located on the second floor broke a water 
pipe connection. The water leaked onto communications equipment on the first floor and 
all utility communications were disrupted for several hours. At another service center, 
communications were disrupted some time after the earthquake, apparently because 
disruption in the utility microwave station occurred after the system was checked for 
damage by service personnel. 


The earthquake vulnerability of the service center buildings should be evaluated and 
vulnerable structures should be scheduled for upgrading or replacement within the overall 
earthquake mitigation program. The recommendations for storing porcelain members are 
contained in Chapter 5. 


8.5.4.4 Damage Records 


In the aftermath of a damaging earthquake, normal operating procedures are often 
bypassed in an effort to quickly restore service. Verbal work orders replace their computer 
or paper counterpart. Spare parts are often removed from storage without requisitions. 
While the restoration of service takes top priority after personnel safety, resources should 
also be devoted to documenting restoration costs. For most publicly-owned utilities the 
Federal Emergency Management Agency (FEMA) can reimburse the utility if there is a 
presidential declaration of a disaster. For investor owned utilities losses will have to be 
documented for insurance claims. 


8.5.4.5 Special Governmental Services 


Under certain circumstances federal agencies can provide assistance for investor owned 
utilities. For example, in the Northridge earthquake FEMA made arrangements for military 
air transports to carry heavy substation equipment needed for restoration. These services 
can be made available at no cost to the utility if public health and safety are served by the 
action. 


Once the President declares a disaster, the Federal Response Plan is activated. Under 
this plan the Department of Energy can make available emergency fuel supplies if normal 
supplies are disrupted. 
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CHAPTER 9 
COMMUNICATION SYSTEMS 


RECOMMENDATIONS - RETROFITTING AND NEW CONSTRUCTION 


Communication-equipment racks including the main distribution frame should be 
provided with stiff base anchorage details and braced at the top to cable trays or 
walls. (9.2.1) 


Cable-tray connections should be made to structural elements with bolted 
connections; J bolts should not be used. (9.2.2) 


Cable drops between cable trays and equipment should be provided with adequate 
Slack. (9.2.2) 


PBXs should be anchored to their supports using the manufacturer's 
recommendations. (9.2.3) 


Procedures for anchoring equipment on raised floors are discussed in Section 
SYHIS Wy 


Circuit boards in communication equipment should have positive restraints to keep 
the cards in their card cages. (9.2.3) 


Modems should have positive anchorage to their supports. (9.2.4) 


The installation of wave guides on microwave equipment should be made to limit 
loads on wave guide connections to the equipment rack. (9.2.5) 


Radio equipment at base stations and at repeaters should be anchored. (9.3) 


Emergency power should be provided to critical communication systems. Seismic 
issues related to emergency power are discussed in Chapter 8. (8.2.2.2, 8.2.2.3, 
B.2.24,. 8.3. be Oo ess, O54 OO sos 6. 3 Os nOe OER OO Ihoete 25.9 sand 
8.3.10) 


HVAC systems may be needed to maintain the operation of communication 
systems. Seismic issues related to HVAC systems are discussed in Chapter 8. 
(ORL Lip Osee2e Db .OebO) 


RECOMMENDATIONS - NEW CONSTRUCTION 


Cable-tray sections should be joined with bolted connections. (9.2.2) 


Utilities typically have several communication systems. In this document these systems 
have been divided into.three groups: communication links, communication equipment 
located at facilities, and radio-based maintenance dispatch systems. 


267 


9.1 Communication Links 


Microwave and optical fiber systems are typically used to form the links of a utility's 
communication system. Some utilities also use leased lines from telephone companies. 


Before the introduction of optical fiber systems, microwave systems formed the 
backbone of utility communications. These systems link the control center with generating 
stations and major substations. In addition to the terminal facilities, which are discussed in 
the next section, repeater stations are required. These microwave stations form line-of- 
sight links between facilities. Repeater stations consist of receivers, transmitters, antennae, 
a source of commercial power and emergency power. They are often located at high points 
along the route so that the distance between stations is maximized and the number of 
stations reduced. Optical fiber has been introduced more recently. Fibers are typically 
carried on transmission towers within a shield wire or are supported on the tower as a 
separate optical-fiber cable. In some cases the optical fiber is buried along tower rights-of- 
way or other routes. ; 


The earthquake performance of microwave towers has generally been good. Wind 
loads control the structural design and the seismic loads are relatively small. Microwave 
dishes are designed to be adjustable and there are cases in which adjustments slipped 
during earthquakes and the resulting misalignment caused a loss of signal strength or loss 
of signal. There are reports that communications have been temporarily disrupted during 
earthquakes; this has been attributed to misalignment due to the dynamic response of the 
tower. In the 1992 Philippine earthquake a steel lattice microwave tower about 15 m tall 
and similar in design to those used by the power industry failed. In the 1995 Kobe, Japan, 
earthquake a large telecommunication tower mounted on top of a central office building was 
severely damaged and was eventually removed. This tower was much larger than those 
used by utilities. A few members of a microwave tower at a substation in Kobe buckled, 
but operation was not affected. There are no documented failures of optical fiber 
communication links in earthquakes: however, failures in telephone company fiber cables 
were reported in the Kobe earthquake. 


Special concerns about repeater stations will be discussed under radio dispatch systems 
below. 


Carrier systems using power transmission lines have been used for communications, 
but these systems are typically limited to system protection. These systems were discussed 
in Chapter 5, Substations. 


9.2 | Communication Equipment Located at Facilities 


Figure 9.1 is a block diagram depicting communication equipment that might be found 
at a control center or substation. Radio equipment used for mobile units is not shown in 
this figure. Not all facilities have all equipment shown, and the size and form of the 
equipment can vary between facilities. Large utilities often have a utility-owned telephone 
system with equipment similar to that found in a telephone company central office. The 
equipment can be grouped into power, support, telephone, microwave equipment, and 
communication links. Telephone and microwave equipment are discussed in this section. 
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Figure 9.1 Communication equipment found at control centers or substations. 


a Remote 
Equipment 


9.2.1 Telephone Equipment 


The main distribution frame can be a large rack as shown in Figure 9.2, or a small 
board mounted directly on a wall for a small facility. Communication racks typically have a 
small footprint and the base anchorage is formed by two aluminum angles bolted to the 
floor. This detail yields a very flexible structure in which the top of the frame can move 
over 30 cm (foot) in a moderate earthquake. It is important that adequate flexibility be 
provided to communication cables running between the frame and the overhead cable trays. 
Cables have been broken or cut as a result of the movement between the rack and cable 
tray. Racks are often bolted to overhead cable trays that serve to brace the rack. J-bolts are 
often used to secure the rack to the cable tray. There have been cases where the J-bolt 
opened and allowed the rack to move relative to the cable tray. 


It is recommended that main distribution frames be braced at the top to limit movement 
and overturning moments on the anchor bolts. The load path of the bracing system should 
be engineered. Instead of J and U bolts, bolted-through connections should be used to 
secure equipment. Four anchor bolts, two on each side of the rack, should be used. Racks 
without top bracing should have gussets placed on the base angles to stiffen the anchorage, 
Figure 9.3. Such gussets can be subjected to large loads and have been observed to fail in 
shake-table tests if they are not properly installed. 


9.2.2 Cable Trays 


Cable trays used in the communication industry typically are ladder-type trays. 
Sections are joined by friction clips, Figure 9.4, that provide very little load capacity in 
tension when used to brace equipment racks. Cable trays are often anchored to walls with 
the use of J bolts, which can open in an earthquake, Figure 9.5. 
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Figure 9.2 Main distribution frame at a power system facility. Large rack 
deflections have been observed due to the flexible base detail. 


Add gussets if frame 
is not braced at top 


Use two bolts on each side 


Figure 9.3 Communication rack anchorage detail. 
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Figure 9.4 Friction clips are typically used to connect cable tray sections. 


It is recommended that power-system type cable trays be used for communications 
equipment. These trays have bolted connections between cable tray sections. If 
communication-type cable trays are used, sections should be joined with bolted 
connections. J-bolts should not be used as structural connections. The performance of 
communication-type cable trays used as braces can be improved if they span from wall-to- 
wall. Cable drops from cable trays to equipment should be provided with ample slack to 
accommodate relative motion between the tray and the equipment. 


9.2.3 Private Branch Exchange (PBX) 


A modern PBX is a specialized computer that connects calls made between telephones 
within the system and to the Public Switch Network. Figure 9.6 shows a PBX at a power 
facility which is unanchored. In an earthquake it could tip over and damage cable 
connections or internal components. 
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Figure 9.5 J bolts are often used to secure cable trays to structural walls. 


It is recommended that the PBX be securely anchored to the floor following 
manufacturer's recommendations. Issues related to anchoring equipment to raised floors 
are discussed in Chapter 8. Modern PBX equipment is designed for base anchorage, so 
bracing at the top is not needed. The PBX should also be provided with an uninterruptable 
power supply. Following a power loss, PBXs must be rebooted and their software 
reloaded. For large systems this can be a lengthy process. 


PBX's and other communication equipment typically are constructed with a card case 
and motherboard for a back plane. Circuit boards are often plugged into the motherboard 
with only the friction of the connector for restraint, Figure 9.7. There are many examples 
of the circuit boards vibrating out of their card cages in earthquakes. Most modern 
communication equipment that has been seismically qualified for the communication 
industry has clips to restrain the circuit boards. Older equipment has clips that are used to 
remove the circuit board, but do not restrain it. 


Circuit boards should be restrained in their card cages. Figure 9.8 shows a simple 
method for retrofitting equipment to restrain circuit boards. 


9.2.4 Modems 


Modems are devices that provide an interface between various equipment, such as 
monitoring equipment, and telephone communication channels. The devices are typically 
cigar-box size and are often added to an existing installation. As a result, they are seldom 
properly anchored, Figure 9.9. These units are lightweight, so that they are unlikely to be 
damaged or to damage other items themselves if they fall. However, the relatively fragile 
ribbon cables that are often used to make communication connections are vulnerable. 
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Figure 9.6 Telephone switch used in a PBX system at a power generating facility. 
The switch is not anchored. 


Modems should be anchored. Because of their small mass, double sided tape is 
available that can provide adequate restraint [9.1]. Tapes with adequate capacities should 
be used. Some foam tapes have rated capacities of 80 pounds per square inch. 


9.2.5 Microwave Transmission Equipment 


Microwave equipment is typically mounted in communication-equipment type racks. 
Special care is needed in the installation of wave guides because of the flexibility of these 
racks. Figure 9.10 show a typical rack at a substation. The battery at the base of the rack 
provides power to the UPS that supports equipment in the rack. The rack is anchored to 
the cable tray above it. 
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Figure 9.7 Circuit boards are not positively restrained in their card cage. 


Figure 9.11 shows a wave guide on a microwave rack at a utility control center. The 
rack is not connected to the cable tray and the wave guide passing through the cable tray 
has only about 1/2" clearance with the tray. Wave guides are assembled with small 
machine screws. In some cases, nylon machine screws are used, Figure 9.12. As a result, 
the load capacity of the wave guide connections in the rack is limited. Figure 9.13 shows a 
wave guide that penetrates a T-bar suspended ceiling. In an earthquake the motion of the 
ceiling could cause wave guide connections to fail. After leaving the rack, flexible wave 
guides are typically used and they are much less susceptible to damage. 
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Figure 9.8 Method to keep circuit boards in their card cages. 
9.3. Radio-Based Maintenance Dispatch 


Utilites make extensive use of radio systems to communicate with maintenance 
personnel within large facilities, such as power plants, and with personnel in service 
vehicles . For large utilities, several regional systems may be used. Each will have a base 
station, usually operated from one of the service centers, and repeaters located on ridges 
and hill tops to get good coverage over the service area. 


There is no record of damage to base station equipment. At one installation, the signal 
cable between the antenna support structure and an adjacent structure containing the 
transmitter broke because of a lack of flexibility in the connection. Communication 
equipment should be anchored. 


Repeaters are often located on ridges and hilltops, and often can be accessed only by 
steep unimproved roads. Access can be impeded by earthquake-induced landslides. Also, 
commercial power to some sites is often vulnerable because of very steep access routes. 
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Figure 9.9 Modems are small items that are seldom properly anchored. 


Earthquake motions on ridges and hilltops can be much more severe than in 
surrounding areas; thus, very conservative anchorage should be used at repeater sites. In 
the Loma Prieta earthquake dozens of non-utility repeaters went off line. Many units were 
unanchored and fell to the floor. Commercial power at many repeater sites was disrupted 
and many sites had only battery back-up power, and that lasted for only a few hours. The 
performance of utility repeaters is not known. 


A large utility generally has one or more frequencies allocated to it for its exclusive use. 
There have been communications problems with incompatible frequencies in service 
vehicles brought in from other districts or from other utilities under mutual aid. Under 
these conditions radio systems have become overloaded after earthquakes. Supervised 
network control methods are sometimes helpful to improve communications. 
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Figure 9.10 Microwave equipment is typically mounted in communication- 
equipment type racks. 


Care must be exercised in the installation of a wave guide to limit loads at wave guide- 
equipment connections. The flexibility of the equipment rack must be considered. 


9.4 Emergency Power 


Most communications equipment must remain functional after an earthquake, even if 
power is disrupted. Communication equipment should be provided with emergency power 
in the form of UPS or other backup power systems. Seismic issues related to emergency 
power are discussed in Chapter 8. 
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Figure 9.11 Relative movement between the rack and the cable tray could damage 
wave guide connections. 
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Figure 9.13 Motion of the suspended ceiling could induce loads on the wave guide 
and damage connections. 


9.5 HVAC Systems 


Many communication systems require a temperature controlled environment for proper 
operation. Such systems need HVAC systems for this purpose. The HVAC systems may 
also require emergency power for continued operation if there are power disruptions. 
Seismic issues related to HVAC systems are discussed in Chapter 8. 
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CHAPTER 10 
ANCILLARY FACILITIES AND FUNCTIONS 


RECOMMENDATIONS 


Structures that house the service centers, inventory control system, spare parts, and 
the emergency operations center should be evaluated for earthquake vulnerability 
and post-earthquake serviceability. Their renovation or replacement should be 
included in the mitigation program. (10.1, 10.2, 10.3, 10.4) 


The installation of equipment needed for post-earthquake operations should be done 
using good seismic practices. (10.1, 10.2) 


Equipment that requires power and is needed for post-earthquake operation should 
be provided with emergency power. (10.1, 10.2, 10.4) 


An update of the inventory of critical supplies not included in the inventory control 
system, such as spare high voltage transformer bushings, should be made. (10.2) 


Spare parts should be stored so that they can survive an earthquake. Parts cabinets 
should be anchored and braced. Large items stored on the floor or in storage rack 
should be secured to shelves to prevent their damage. (10.3) 


Critical parts, such as high voltage bushings, should be completely bolted to 
anchored support structures. (10.3) 


Expedited methods for tracking supplies and spare parts after an earthquake are 
needed. (10.3) 


The utilities emergency response plan should include an Emergency Operations 
Center (EOC). The seismic vulnerability of the EOC building should be assessed. 
(10.4) 


An external emergency power hook-up for a mobile generator should be provided 
to the EOC and energy control center. (10.4) 


EOC communications using the Public Switched Network should request essential 
service lines and the utility should take advantage of the Government Emergency 
Telecommunications Service (GETS) system. (10.4) 


Periodic exercises of the emergency response plan should include the EOC to 
evaluate its organization and effectiveness. (10.4) 


Arrangements should be made for competent post-earthquake inspection of utility 
buildings, particularly those needed for continued operation. (10.5) 


Remote alternative sources should be identified for specialized equipment normally 
rented locally. (10.6) 
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In this document the term ancillary facilities and functions is used to describe 
maintenance service centers, inventory control systems, spare parts storage, emergency 
operation centers, engineering offices, and specialized equipment. Specialized equipment 
includes large cranes, cherry pickers, and low-boy heavy-equipment transporters used by 
utilities to relocate equipment after an earthquake. 


The documentation of the earthquake performance of ancillary facilities is relatively 
poor. Damage to or impaired operation of these facilities and functions usually does not 
directly impact power system service. However, after a severe earthquake in which 
extensive damage overwhelms system redundancy, the operation of ancillary facilities, 
such as service centers or engineering department offices, and other support functions 
would almost certainly extend the recovery period. 


10.1 Maintenance or Service Centers 


Service centers play a vital part in the restoration of electrical service after a damaging 
earthquake through their role in the dispatch of service crews and allocation of spare parts 
and repair equipment. Often, service centers serve as storage depots. The buildings that 
house service centers can have wide variations in their seismic capacity, even within a 
single utility. 


There have been earthquakes in which the operations of one or more service centers 
have been severely disrupted by direct effects of the earthquake on service center 
structures, service center communication equipment, and spare parts. In one earthquake 
the loss of commercial power and the lack of emergency power severely disrupted the 
operation of a service center. With the loss of power there were no lights, the computers 
that provided access to the inventory data base were down, the base station radio for 
dispatching service vehicles was down (a mobile unit in a maintenance vehicle was used, 
but it did not have the range of the base station and the use of that vehicle to make repairs 
was lost), and air conditioning was down so that telephone and microwave equipment 
became overheated. For unexplained reasons all telephones, including the utility owned 
system at the service center, were out of service for several hours after the earthquake. In 
this case, damage had to be reported using the overloaded and impaired radio system. In 
addition, loss of commercial power to repeaters impaired the dispatching system. 


In one service center a small water heater above the first floor used to heat water for 
sanitary facilities was unanchored, tipped over, and broke its pipe connections. As a 
result, water leaked onto communications equipment on the first floor knocking out all 
communications to the service center. 


Experience shows that service center equipment is generally inherently seismically 
rugged and it performs well, if it is properly installed. 


It is recommended that the seismic vulnerability and post-earthquake serviceability of 
service center structures and their equipment be evaluated and their renovation or 
replacement included in the mitigation program. Communication and other support 
systems, such as HVAC equipment and equipment used to link to inventory databases, 
needed for continued operation should be provided with emergency power. This 
equipment should be installed so that it survives earthquakes undamaged. Seismic issues 
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related to emergency power and communications are discussed in Chapters 8 and 9, 
respectively. 


10.2 Inventory Control Systems 


Most utilities have computer-based inventory control systems that have evolved over 
the last 20 to 30 years. These systems may be vital for determining the availability and 
location of replacement parts needed for post-earthquake restoration of service and 
recovery. These systems may also be needed for ordering replacement equipment from 
manufacturers. 


Although most of these systems contain information on equipment and supplies 
acquired since the installation of the inventory system. Spare parts, such as spare bushings 
for transformers that pre-date the inventory system may not be included. With the recent 
downsizing of utility staff, the individuals who know the locations of spare parts not in the 
inventory system may no longer be available. 


The seismic vulnerability and post-earthquake serviceability of inventory control 
systems and the terminals needed to access the data bases should be evaluated and their 
renovation should be included in the mitigation program. These systems should also be 
provided with emergency power. Seismic issues related to computer systems and 
emergency power are discussed in Chapter 8. The mitigation program should also include 
a review of critical supplies that may not be included in the inventory database. 


10.3 Spare Parts Storage 


Spare parts play an important role in the system restoration after a damaging 
earthquake. Spare parts may be stored at warehouses, at service centers or at the facilities 
where they are to be used (i.e., substations or power generating stations). 


Warehouses are often metal-clad structures which have performed well in earthquakes 
or tilt-up structures, which have a mixed seismic record. Within warehouses very large 
stored items may rest on the floor while other materials are often stored on industrial 
shelving, Figure 10.1. Typically, items stored on shelves are unsecured and vulnerable, 
Figure 10.2. 


The storage of spare parts at service centers is similar to that at warehouses or at 
substations and the same precautions should be taken in their storage. 


Substations typically have a limited number of general purpose supplies and spare parts 
needed at the substation and specialized parts for equipment at the substation. Spare parts 
are often stored with no consideration given to earthquakes. For example, small parts are 
often stored in general purpose cabinets, Figure 10.3. Spare-parts cabinets are often left 
with doors open and shelves typically do not have retainer lips. The cabinets are often 
unanchored. High voltage bushings may be stored in special racks, Figure 10.4. Even 
when bushings are stored in special racks, they may not be bolted to the racks and the racks 
may be unanchored. Some bushings are stored in an ad-hoc manner, Figure 10.5. Large 
bushings may weigh several tons and the exposed rope restraining them can deteriorate in 
the sun and provide little restraint. Original shipping cases are often used to store bushings 
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Figure 10.2 Large items on shelves are vulnerable if they are not secured. 
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and post insulators, Figure 10.6. These are adequate and perform well; however, when 
exposed to the elements they quickly deteriorate and provide little protection for their 
contents. The storage of porcelain members at some substations are well planned and 
executed, Figure 10.7. 


Figure 10.3 A small parts cabinet at a substation was unanchored and the doors 
were left open. 


The loss of spare bushings can be particularly disruptive because they are one of the 
more seismically vulnerable items and their loss can cause prolonged delay in repair of 
transformers. Smaller parts stored on shelves have been dumped to the floor. Although 
this typically caused little damage, it delayed the availability of the inventory for use in 
restoration. 


In an effort to expedite the restoration of power, the work orders system is often 
bypassed. This has led to a loss of inventory control so that the number and location of 
spares are not known. There are examples of needed spare parts being delivered to the 
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wrong site where they sat unused while they were needed at another location. There have 
also been cases where work crews removed items from inventory and hoarded them in 
anticipation of their needs. 


Figure 10.4 Bushings can be stored in racks at substations, but the racks are often 
poorly anchored. 


It is recommended that the seismic vulnerability and serviceability of storage facilities 
be evaluated and their renovation or replacement be included in the mitigation plan. Storage 
cabinets should be anchored and braced near the top of a structural wall or member. Base 
anchorage alone is not recommended because the sheet metal used to fabricate the cabinets 
may not withstand anchorage loads on a heavily loaded cabinet. Storage shelves should be 
provided with lips to keep items on the shelves. Heavy items stored on the floor or on 
industrial storage racks should be secured to prevent damage. Fortunately, fragile spare 
parts such as bushings have relatively little inventory turnover, so that securing them is not 
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overly burdensome. Bushings held in racks should be secured with all flange bolts and the 
racks should be anchored. 


Figure 10.5 Large bushings are secured to a structure with rope that could 
deteriorate in the sun. 


An expedited method for tracking spare parts after an earthquake is needed. 


10.4 Emergency Operations Centers 


An effective emergency operations center (EOC) can significantly improve the 
emergency response and recovery of a utility after a destructive earthquake. Federal 
regulations require that power systems have emergency response plans, and these plans 
usually call for the creation and operation of an EOC. The EOC is often located near the 
utility's main operations center. Because of their importance to utility operations in a post- 
earthquake environment, many utilities also have an alternative EOC at a remote location in 
the event that the primary facility is damaged, or becomes inaccessible. 
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Figure 10.6 Porcelain spare parts are often store 
quickly deteriorated if exposed to the weather. 
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The role of the emergency operating center (EOC) is to gather key information on 
emergency response and to assess damage, to coordinate and prioritize restoration activities 
within the utility, and to provide information about utility restoration status to the public 
and various agencies. The EOC assesses the need for resources and attempts to make 
alrangements to mitigate shortages. In general, the EOC has administrative authority over 
the utility, but most operational decisions are delegated to facility managers and 
maintenance operating personnel. 


In general, a room or group of rooms is designated to serve as the EOC. While these 
rooms may be solely for the use of the EOC, more often the areas used by the EOC serve 
other functions when the EOC is not activated. EOC is primarily dependent on 
communications and power resources. In some facilities water, sewage and gas lifelines 
also play arole. The seismic vulnerability of the building that houses the EOC is also of 
concern. 


Most organizations have established criteria in their emergency response plan which 
describe circumstances under which the EOC is to be activated. These plans usually have 
procedures established to summon EOC staff to the center, via pager or telephone. In 
severe events where communications may be disrupted, the need to report is usually 
obvious; this should be noted in the disaster response plan. 


10.4.1 Organization of an EOC 


Each utility generally has a unique organization for their EOC to meet the special needs 
of the utility. Many are modeled after the fire service Incident Command System. Within 
California the state has mandated the use of a standard terminology and organizational 
structure to improve priority setting, interagency coordination and the efficient flow of 
resources and information. This system is referred to as the Standardized Emergency 
Management System (SEMS). The SEMS has five functions as indicated in Figure 10.8. 
It also has five organizational levels as indicated in Figure 10.9. 


Planning/ a Finance/ 
Intelligence HAEISUCS Administrations 


Figure 10.8 The five functions of the SEMS. 


Pacific Bell has been one of the pioneers in utility emergency response planning. The 
description of a utility EOC given below has drawn heavily from material provided by 
Pacific Bell. This general approach has been adapted by at least one large power utility. 
Clearly, many of the sections and the specific nomenclature in Pacific Bell's organization 
chart are unique to a telephone company. However, most functions provided for will be 
needed in EOC organization plans of power systems. It should be noted that while a utility 
EOC may have administrative authority over regional or division operations, traditionally 
operating units are given a large degree of autonomy and authority over their operations. 
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Figure 10.9 SEMS organizational levels. 


The company emergency response plan designates the roles and responsibilities of 
various groups, including the Company Emergency Policy Committee and Emergency 
Operating Center Teams. The Company Emergency Policy Committee provides policy 
direction in support of the EOC teams and service restoration teams’ efforts. The EOC 
Teams have pre-plans that support assigned functions that include assessing damage, 
prioritizing and coordinating restoration, allocation of resources, communication of 
information and status to utility groups, governments, employees, media and other 
stakeholders. EOC team members should be prepared to work at a remote EOC site. The 
organizational chart for the EOC is given in Figure 10.10. 


The physical layout of the EOC is organized about four tables that correspond to four of 
the columns in the organizational chart. It is illustrated in Figure 10.11. The functional 
names of white boards are distributed around the walls of the main EOC room. 


The functions associated with each table and with other functions identified in the 
organizational chart are listed below. Note that items marked with an asterisk identify the 
terms used in California's Standardized Emergency Management System. 


10.4.1.1 The Four Table/Team Concept 


¢ Command and control within the EOC 

¢ Damage report assessment 

¢ Planning and coordination of restoration activities 
¢ Prioritizing and allocation of resources 

¢ Keeping employees and customers informed 


10.4.1.2 Liaison Table: (Operations *) 


¢ Receives damage assessment information, updates, and field requests for resources and 
assistance. 3 

* Functional point of contact in the EOC 

¢ Posts information received on Information Category Status Boards 
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Figure 10.10 Schematic diagram for a telephone company EOC. Bold print reflects 
the EOC titles as set forth under California's State Emergency Management System. 
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Figure 10.11 Generic physical layout for a telephone company EOC. 
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¢ Team Leader forwards requests for assistance to the Team leader at the Coordination 
Table. 

¢ Team Leader represents Liaison Table in all Strategy Team meetings 

¢ Team Leader ensuring responsibility for current pre-plans at table 


10.4.1.3. Coordination (Project) Table: (Planning *) 


* Members act as project managers/subject matter experts (SME) for specific requests 
received from the Liaison Team. 

¢ Post EOC Project Board for table responsibilities. 

¢ Project Managers coordinate requests with the Support Table Team Leader or members 
as appropriate. 

¢ Team Leader represents Coordination Table in all Strategy Team meetings. 

e Team Leader responsible for ensuring current pre-plans at table. 


10.4.1.4 Support Table: (Logistics *) 


¢ Assists Coordination Teams with internal/external resources and support. 

¢ Posts information on status boards as appropriate, such as Personnel and 
Environmental boards. 

¢ Team Leader represents Support Table in all Strategy Team Meetings 


¢ Team Leader responsible for ensuring current pre-plans at table. 
10.4.1.5 Customer Table: 


¢ Team members interact directly with customers and customer interfacing organizations 
to support and prioritize specific restoration efforts and to advise customers on the 
status of their telecommunication service. 

¢ Team Leader interfaces with EOC members as necessary for understanding of 
customers impact and restoration activity. 

* Team Leader represents customer Table in all Strategy Team meetings 

¢ Team Leader responsible for ensuring current pre-plans at table. 


10.4.1.6 Finance Team: 


¢ Team responsible for tracking costs of material and labor associated with response to a 
disaster and restoration of service. 

¢ Team tracks cost of asset damage in a disaster for insurance purposes. 

e Team may participate from a remote location. 


10.4.1.7 Media Manager (PIO) 


¢ Responsible for providing the broadcast and print media information regarding 
company's situation, the customer impact, and restoration information. 

¢ Coordinates closely with the Information Officer and the EOC Director. 

¢ Provides media interviews or prepares and accompanies the Chair or VP when 
interviews are deemed appropriate. 


10.4.1.8 Information Officer (Liaison) 


¢ Responsible for consolidating the damage and customer requirements received by the 
EOC. 

¢ Prepares a report for distribution to the emergency control center (The ECC is an office 
that is always active to respond to any emergency.). The ECC in turn will provide _ 
copies to the necessary State and Federal Government Agencies and company's senior 
management. 
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¢ Coordinates closely with the EOC leadership team. 


10.4.1.9 Strategy Room: 


¢ Typical representation: 
Chairperson - EOC (Director)* 
Information Officer (Liaison Officer)” 
EOC Coordinator (Emergency Preparedness Officer)* 
Liaison Team Leader (Operations Chief)” 
Coordinator Team Leader (Planning Chief)* 
Support Team Leader (Logistics Chief)* 
Customer Team Leader 
External Affairs/Media (Public Relations Manager)” 
Vice President 
¢ Summarize current status from damage/customer reports 
¢ Prioritization of restoration based on: 
Information Categories 
Restoration Priority List 
¢ Status Reporting to ECC, State and Federal Government, Officers, and Media 
¢ Team Leaders update respective Teams after each strategy meeting. 


10.4.1.10 Radio Room 


¢ Qualified radio operators establish wireless communications in the event of disruption 
to the land lines. 

¢ Radio nets are monitored and pertinent information collected is provided to the EOC 
Team. 


10.4.1.11 Communications Using the Public Switch Network (Regular Telephone) 


The Public Switch Network is the primary means of the EOC for communication 
outside of the utility. The EOC is often fitted with extra lines and jacks, and handsets are 
moved into the room when the EOC is activated. Commercial lines in EOCs can be given 
essential service status in some telephone systems, which will give them priority access to 
dial tone when the telephone system is congested. Implementation practices of the essential 
service feature are a function of the telephone company and the equipment they use. Once a 
phone is connected to its central office, the call is not distinguished from other calls in 
getting access to external trunks. Organizations that are part of the Federal Emergency 
Response Plan will generally have access to the Government Emergency 
Telecommunications Service (GETS). GETS is a White House-directed and federally- 
funded service that supports the National Security and Emergency Preparedness 
community. GETS provides enhanced routing schemes and priority treatment features and 
has been established by the major long distance carriers and is being implemented by some 
local telephone companies. With this service, priority routing is provided for the 
completion of calls. It is important that the EOC has access to GETS. Users are provided 
with a special telephone card with a personal identification number that gives them access to 
the system. 
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10.4.2 Past Earthquake Performance of EOCs and Similar Facilities 


Three types of problems have been frequently encountered: 1) earthquake performance 
of the structures that house EOCs has been mixed; 2) communications into and out of 
EOCs have often been impaired; and 3) the failure of emergency power after commercial 
power has been disrupted. 


Structures that house the EOC have been severely damaged and have had to be 
evacuated. Some structures have been "red" tagged by building inspectors and have had to 
be evacuated. 


Key to the operation of the EOC is communications with utility facilities and with 
outside organizations. There have been cases where telephones were difficult to use 
because of congestion on the Public Switched Network. In some cases essential service 
lines had dial tone delays as long as three minutes. In many facilities the telephone lines 
were not placed on essential service status so there were long delays in obtaining dial tone. 
There have also been situations where the EOC was not provided with an adequate number 
of lines to operate effectively. 


The loss of commercial power is fairly common in severe earthquakes. The EOC is 
typically provided with emergency power. However, emergency power has frequently 
been unreliable. Many factors have contributed to the failure of emergency power and 
these are discussed in Chapter 8. Because of the large number of factors that can contribute 
to emergency power disruptions some organizations have installed external power hookup 
to facilitate the use of external mobile generators. 


10.4.3 Interaction of the Utility EOC and Government EOCs 


After a damaging earthquake there will usually be a Federal Disaster declared at the 
request of the affected state(s). This triggers the Federal Disaster Response Plan and 
governmental EOCs will be activated. Many situations arise that require the utility EOC to 
communicate with governmental EOC's and possibly to respond to requests made by them. 
Likewise, governmental EOC's may be able to respond to requests made by utilities. For 
example, after the 1989 Loma Prieta earthquake, military aircraft which have very large 
load capacity were used to deliver large power equipment to the damaged area to expedite 
the restoration process. 


The state of California may have a unique situation. In 1952 the Governor chartered 
the California Utilities Emergency Association (CUEA). The CUEA was created by a Joint 
Powers Agreement to represent California utilities on utility emergency-related issues. The 
CUEA is a voluntary membership association of utilities, including electric, gas, pipeline, 
telecommunications, water, wastewater, and pipeline utilities. It provides a structure for 
communications and coordination among government agencies and public and investor- 
owned utilities throughout the state. Funding is provided primarily by dues from member 
utilities. The CUEA operates and manages the Utilities Branch of the Governor's Office of 
Emergency Services. The Executive Director of the CUEA also serves as the Chief of the 
Utilities Branch, OES. 
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The CUEA has an EOC (The Utility Operations Center - UOC) within the state EOC in 
Sacramento. When activated it is staffed by the Utilities Branch Chief and member 
representatives are provided by CUEA member utilities. 


In addition to operating the UOC when it is activated, the CUEA has ongoing planning 
and educational activities to enhance the emergency response of all utilities. 


10.4.4 Recommendations 


An EOC should be part of the utility's emergency response plan. The EOC should be 
provided with emergency power. The installation of an external emergency power hook-up 
for a mobile generator should be provided. EOC communications using the Public 
Switched Network should request essential service lines and the utility should take 
advantage of the GETS system. Periodic exercises of the emergency response plan should 
include activating the EOC to evaluate its organization and effectiveness. 


10.5 Engineering Offices 


The utility's engineering office plays a vital role in the long-term restoration of a utility 
after a damaging earthquake. If the damage overwhelms the redundancy designed into the 
system, the engineering staff will play an important role in the restoration of service. 
Engineering drawings and equipment specifications may be needed for the restoration of 
facilities and should be available. 


The seismic vulnerability of the structure housing the engineering offices is important 
because of the safety of utility personnel and accessibility after the earthquake. There have 
been cases where buildings have had to be evacuated because of structural damage or the 
building was "red tagged" after the earthquake. That is, many communities have 
established programs in which buildings are inspected by the building department after a 
damaging earthquake. Buildings can be tagged as safe, or in need of additional inspection, 
or unsafe. Building departments often mobilize inspectors, primarily structural engineers, 
from outside the building department to help in the massive inspection process. The need 
to quickly evaluate buildings, and a tendency to be conservative can result in sound 
buildings being tagged as unsafe. There have been cases of utilities being denied access to 
a rented building by the building owner who is concerned about liability. 


It is recommended that seismic vulnerability and post-earthquake serviceability of 
engineering-department buildings be evaluated and renovation or replacement be included 
in the mitigation program. In addition, the emergency response plan should include a plan 
for competent post-earthquake inspection of the utility's structures through the use of utility 
engineers or of local engineering firms who are on retainer. FEMA has published 
documents to aid in post-earthquake evaluation of buildings. [10.1, and 10.2]. 


10.6 Specialized Equipment 


A utility often needs specialized equipment to recover after a damaging earthquake. 
Some specialized equipment, such as large cranes and low-boys to move heavy equipment, 
and helicopters for surveying lines, is usually rented. Some equipment, such as cherry 
pickers, high potential testers to check for internal damage to transformers, and equipment 
to condition transformer oil, may have to be rented to supplement equipment owned by the 
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utility. While retainers may be paid to assure the availability of the equipment, these 
contracts may be preempted by government emergency services organizations. There may 
be no economical solution to this loss of service, but response plans should take into 
account that these services may not be available locally. Some of this equipment is mobile, 
so that it can be brought in from distances of over 1000 km within 24 hours. 
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CHAPTER 11 
APPENDIX A 
Modified Mercalli Intensity Scale 
Note Felt. 
Felt by persons at rest, on upper floors, or in favorable places. 


Felt indoors. Hanging objects swing. Vibration like passing of light trucks. 
Duration estimated. May not be recognized as an earthquake. 


Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt 
like a ball striking the walls. Standing motor cars rock. Windows, dishes, doors 
rattle. Glasses clink. Crockery clashes. In the upper range of wooden walls and 
frames creak. 


Felt outdoors; direction estimated. Sleepers wakened. Liquids disturbed, some 
spilled. Small unstable objects displaced or upset. Door swing, close and open. 
Shutters, pictures move. Pendulum clocks stop, start, change rate. 


Felt by all. Many frightened and run outdoors. Persons walk unsteadily. Windows, 
dishes, glassware broken, knickknacks, books, etc. fall off shelves. Pictures fall off 
walls. Furniture moved or overturned. Weak plaster and masonry D cracked. Small 
bells ring in churches and schools. Trees, bushes visibly shaken or heard to rustle. 


Difficult to stand. Noticed by drivers of motor cars. Hanging objects quiver. 
Furniture broken. Damage to masonry D, including cracks. Weak chimneys broken 
at roof line. Fall of plaster, loose bricks, stones, tiles cornices (also unbraced 
parapets and architectural ornaments). Some cracks in masonry C. Waves on ponds; 
water turbid with mud. Small slides and caving in along sand or gravel banks. Large 
bells ring. Concrete irrigation ditches damaged. 


Steering of motor car affected. Damage to masonry C; partial collapse. Some 
damage to masonry B; none to masonry A. Fall of stucco and some masonry walls. 
Twisting, fall of chimneys, factory stacks, monuments, towers, elevated tanks. 
Frame houses moved on foundations if not bolted down; loose panel walls thrown 
out. Decayed piling broken off. Branches broken from trees. Changes in flow or 
temperature of springs and wells. Cracks in wet ground and of steep slopes. 


General Panic. Masonry D destroyed; masonry B seriously damaged. (General 
damage to foundations.) Frame structures, if not bolted, shifted off foundations. 
Frames racked. Serious damage to reservoirs. Underground pipes broken. 
Conspicuous cracks in ground. In alluviated areas sand and mud ejected, 
earthquakes fountains, sand craters. 


Most masonry and frame structures destroyed with their foundations. Some well- 
built wooden structures and bridges destroyed. Serious damage to dams, dikes, 

embankments. Large landslides. Water thrown on banks in canals, rivers, lakes, 
etc. Sand and mud shift horizontally on beaches and flat land. Rails bent slightly. 
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XI__Rails bent greatly. Underground pipelines completely out of service. 


XII Damage nearly total. Large rock masses displaced. Lines of sight and level 
distorted. Objects thrown into air. 


After Richter, C.F. Elementary Seismology. 


Note: To avoid ambiguity, the quality of masonry, brick, or other material is specified by 
the following system. (This has no connection with the conventional classes A, B, 
and C construction.) 


Masonry A. 


Good workmanship, mortar, and design; reinforced, especially laterally, and bound 
together by using steel, concrete, etc.; designed to resist lateral forces. 


Masonry B. 
Good workmanship and mortar; reinforced, but not designed to resist lateral forces. 
Masonry C. 


Ordinary workmanship and mortar; no extreme weaknesses, like failing to tie in at 
corners, but neither reinforced nor designed to resist horizontal forces. 


Masonry D. 


Weak materials, such as adobe; poor mortar; low standards of workmanship; weak 
horizontally. 
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APPENDIX B 


Investigation of Soil-Structure Interaction of Electrical Equipment 


This appendix has been abstracted from parts of an unpublished report prepared by 
Dames & Moore for the Los Angeles Department of Water and Power (DWP) in 1996 
[B.1]. This abstract will focus on the modeling and evaluation of a single-phase 
transformer at the Rinaldi Receiving Station, but will comment on a transmission tower. 


The analysis utilized the FLAC, Version 3.3, computer code to evaluate the seismic 
performance of the soil-structure system of the transformer, foundation and surrounding 
soil. FLAC is a two-dimensional explicit finite difference code to model geotechnical 
problems. The model required several simplifications of the soil structure system to 
economize the analysis and reflect physical limitations about soil data obtained from field 
exploration and laboratory tests. The transformer model only included the transformer case 
and high and low voltage bushings. Details of the conservator and radiators were not 
represented. The moments experienced at the base of the bushings served as the 
performance criteria. The soil and structure model is depicted in Figure B1. 


The soil nonlinear effective-stress static and dynamic deformation analysis was 
performed using elastoplastic constitutive laws based on Mohr-Coulomb failure criterion. 
The elastoplastic law was coupled with an incremental shaking-induced pore-water 
pressure generation scheme based on work done by Professor Seed in the 1970s. Material 
properties for soil were bases on previous investigations and literature survey on data from 
soils with similar characteristics. 


The slope of the surface within the site generally did not exceed one percent. Known 
subsurface explorations within the site have generally been limited to shallow pits and Cone 
Penetration Tests. Using the available data three representative soil profiles were 
established. In the first analysis profile, the upper 10 feet of the site consisted of loose to 
medium density silty sands and sandy silts. The next layer consisted of a 15-foot thick 
layer of medium-dense silty sands. Below the medium-dense soil, dense to very dense 
sands were encountered to the maximum depth explored, about 50 feet. Ground water was 
not encountered at the site. A DWP report indicates a groundwater table at 160 feet below 
grade at the site. The soil model shown in Figure B1 is for the first of three typical soil 
profiles extended to 55 feet below grade, where the soil was considered stiff enough to act 
as "bedrock". 


The transformer body was 15-feet high and supported a 17- and a 10-foot high 
porcelain bushing. The transformer was supported on a 2.5-foot thick concrete slab. 


A free-field strong motion record at the site was used in the analysis. 


Several analyses were performed, each proceeding until failure was observed or ground 
motion subsided. The porcelain bushing failed 2.5 seconds into the record. Tests using 
the two alternative soil profiles did not significantly alter the results. To investigate if 
shallow groundwater affects the soil-structure interaction, an additional analysis assuming a 
20-foot depth to groundwater was conducted. There was no significant change in the soil- 
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structure interaction. This study substantiated that soil-structure interaction, rather than 
liquefaction, was the cause of transformer rocking at the site. 


Two approaches to remediation were evaluated. In the first, a lean concrete slurry 
grout was injected to a depth of 15 feet below and adjacent to the transformer foundation, 
as shown in Figure C2. The grouting did not change the outcome and the porcelain still 
failed. In the second approach, 2-foot diameter drilled piers extended to depth of 15 feet. 
Piers were installed on 5-foot centers to support the foundation slab. This approach 
reduced moments on the bushings to just below their ultimate load. The small margin of 
safety may indicate that this approach is inadequate. 


Another evaluation used "infinite strength" porcelain to determine the peak load 
experienced by the bushings. This evaluation showed the peak bushing load was 120% of 
the ultimate strength. There were no foundation failures in any of the evaluations. 


The report also evaluated three other structures at a different substation that had a 
different soil profile in which there was liquefaction at the site. The remediation 
approaches were the same: use of a grout to improve the soil around the existing 
foundations and use of piers to support the foundation. In all cases where the piers did not 
penetrate into the firm lower strata, the remediation improved the performance, but did not 
prevent failure. In the case of a transmission tower, where the piers penetrated the lower 
competent soil, the performance was acceptable. That is, if the tower foundation pier was 
only in liquefied soil, it would be pulled from the soil. 


Based on results of the study, the following conclusions relative to transformers can be 
made. 


¢ Soil-structure interaction can increase seismic loads on transformer bushings. 


¢ Grouting, to the extent used in the study, does not significantly improved earthquake 
performance. 


¢ The use of piers that do not extend into competent soil can improve earthquake 
performance, but for the situation studied, the bushings were still on the verge of 
failing. 


¢ The use of piers that extend to competent soil can significantly improve performance. 


¢ The use of piers to improve seismic performance is a costly mitigation procedure in 
terms of implementation and an evaluation to substantiate that it is an effective 
approach. 


¢ The use of more robust bushings in general would be the most cost effective approach, 
however, there may be cases where such bushings are not available. 


¢ The best approach for a particular situation would require an evaluation to determine the 
most cost effective method of mitigation. 
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B.1 Final Report: Investigation of Soil-Structure Interaction, Electrical Equipment at 
Sylmar converter stations and Rinaldi Receiving Station, Sylmar, California, for the 
Los Angeles Department of Water and Power, Job No. 00138-092-015, September 
Sse 996: 


303 


i 


MYC O® shit ai, 


eevterd by Lae bushings,’ This evalietiin showed the pon 


cme 


4 ie 


PALO ie 2 aL wae Me eS 
ay va ist Be . Me f : 
ein Pace, The grouting did ios harige the: caseeorne ras 
.20 Pep has! mich, 2-foet (iment drilled piers 'e: , 
ees ineielled on 3-foat genters ty sapolk the Sooapiatian aa 
“TINMeAsOn he Gusting: 4ojos Seow thelr ree tact: i 
ay ind cate that tis approach | inadequate, oy oe 2, a 


river evan ceed Infleie strength” porsiinia chanel 


Mizcath. Tee were no foundinon Eallites in oy olga 
re owt Lal Oveloehed (ree Qiher srechiied aie differnet View 
enc: well pr: ite in whale chee eae di ctactind 9s Ue site, The reer 

; * iar ver ETO & imotnwe Meo sel axrngrial dat ond 


a Mf hon ii! ekechpeat Days Towmliuean. ip aft apa wets tg 
 O- ovhevilonce! ieppewed the per fig 


- of @ ahora 0 0) er, when Miehpiigrs y ant 


‘wel iver tees Bia; 


ny. 7 a i, Coe. him ad teluting te: 


ce Se IAT? gee Ba pi | ‘me penee sth elie tes 
. .<ePy fienn-« gala , 1a ian shge neta ha. dey? 


eS eg a AED rhs ne he : 
17). 2 1, Poa “sre Laps Aw ha oe ieee, tye ee tee ee: 


ND NI, pA tp avin higgins Spagna 4 op 


APPENDIX C 


Substation Bus Configurations 


Most substation are organized similar to one of four standard configurations. These are 
referred to as bus configurations. The aluminum cable or pipe typically used to make 
power connections between individual substation equipment is referred to conductor. The 
collection of equipment used to connect one or two transmission lines (depending on the 
bus configuration) into a substation is called a position. The main conductors that serve to 
connect positions together are called a bus. It is the configuration of the bus that give a 
given configuration its name. While there are many minor variations, the four bus 
configurations are called breaker-and-a-half, double-bus-double-breaker, double-bus- 
single-breaker, and ring bus. 


An operating diagram is typically used to describe a substation. A single-line operating 
diagram gives a simplified schematic circuit diagram of the substation. It gives an overall 
view of what equipment is at the substation and how it is connected. It does not show the 
physical layout of the substation although there is often a close correspondence and it is 
simplified in that the three phases are shown as a single line. Figure C.1 shows a 
simplified operating single-line diagram of a substation with a 500 kV switchyard in a ring- 
bus configuration and a 230 kV switchyard in a breaker-and-a-half bus configuration. 
Note that the bus in each of these configurations serves to connect the transmission lines 
together to from a node in the system. Also note that in both configurations there is a 
disconnect switch on each side of each circuit breaker. In this way, the circuit breaker can 
be isolated for performing maintenance. In the ring bus, any circuit breaker can be 
damaged and taken out of service without affecting the operation of the system. If two 
adjacent circuit breakers are taken out of service the line between them will be isolated from 
the substation. If non-adjacent circuit breakers of the bus are taken out of service the 
original node formed by the ring bus will be divided into two nodes and change the 
configuration of the network. 


In the breaker-and-a-half configuration each position services two lines. If any single 
circuit breaker in a position is taken out of service there will be no effect on operations. If 
two circuit breakers are taken out of service the line between them will be isolated from the 
substation. Note that each position has two lines and three circuit breakers, or a breaker- 
and-a-half per line, the source of the name for the bus configuration. This is generally the 
most common type of bus configuration for transmission lines. These diagrams are 
simplified in that other equipment, such as waves traps, potential transformers, and 
current-voltage transformers have not been shown. In real operating diagrams, each 
element is assigned a number, usually associated with its position. While the numbering 
systems vary among utilities, for a given utility the numbering system simplifies identifying 
the location of the equipment in the switchyard. 
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Figure C.1 Single-line operating diagram with a ring bus and a breaker-and-a-half 
bus. For simplicity, other equipment usually shown on single line diagrams has 
been eliminated. 


Figure C.2 shows a simplified single-line operating diagram of a 230 kV switchyard in 
a double-bus-double-breaker configuration and a 60 kV switchyard in a double-bus-single- 
breaker configuration. In the double-bus-double-breaker switchyard, a circuit breaker in 
each position can be taken out of service without effecting operations. Note that this is the 
most expensive configuration, as each line requires two circuit breakers. However, it is 
not significantly more reliable than a breaker-and-a-half configuration, because the failure 
of circuit breakers is relatively rare (except in earthquakes). In the double-bus-single- 
breaker there is one breaker for each line. To provide some measure of reliability a tie- 
breaker is added across the busses. In normal operation all lines are connected to Bus 1. 
If, for example, the circuit breaker on line 2 is taken out of service, the line is connected to 
Bus 2 and the tie breaker is used to connect Bus 1 to Bus 2. In this way, the tie breaker 
provides protection to Line 2. In this bus configuration only one breaker can be taken out 
of service for all positions. In the other double bus configurations, one breaker in each 
position can be taken out of service. Note that in the double-bus-single-breaker 
configuration shown, each circuit breaker has isolation and bypass disconnect switches. 
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Figure C.2 Single-line operating diagram with a double-bus-double-breaker bus 
and a double-bus-single-breaker bus. For simplicity, other equipment usually 
shown on single-line diagrams has been eliminated. 


Figure C.3 shows a schematic diagram for two positions of a breaker-and-a-half bus. 
This diagram contains other substation equipment, such as wave traps and instrumentation 
transformers, not shown on the above diagrams. The schematic shows all three phases and 
pictorial representations of the equipment. While this diagram provides much more 
information about installation details and equipment configurations, for an understanding of 
the network configuration the simplicity of a single-line diagram is more convenient. 
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